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New theories and testing techniques related with Unsaturated Soil Mechanics 
have proven to be valuable tools to study a broad spectrum of geo-materials 
which includes rocks, rock fills, frozen soils and domiciliary solid wastes. These 
new theories and testing techniques have permitted the analysis of several 
traditional problems from a new perspective (e.g., swelling or collapsible soils 
and compacted soils or pavements materials), and they have also shown their 
efficiency to study new energy-related problems like CO2 sequestration and 
nuclear waste disposal.

Advances in Unsaturated Soils is a collection of papers from the 1st Pan-
American Conference on Unsaturated Soils organized in Cartagena de Indias, 
Colombia, in February 2013. The volume includes 76 research papers coming 
for all over the world, as well as 7 keynotes papers by well known international 
researchers. The contributions present a variety of topics including:
• Advances in testing techniques
• Unsaturated soil behavior
• Constitutive modeling and microstructure
• Numerical modeling
• Geotechnical problems 

Advances in Unsaturated Soils is expected to become a useful reference to 
academics and professionals involved in Unsaturated Soil Mechanics.
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Preface

There are two main factors explaining the increased interest for Unsaturated Soils in recent years. The first 
factor is the enhancement of the domain of application of the new theories developed for Unsaturated 
Soils, which nowadays includes materials like rocks, rock fills, frozen soils and domiciliary solid wastes; 
and, the efficient applicability of these theories to study new energy-related problems like CO2 sequestra-
tion and nuclear waste disposal, among others. The second factor is the appearance of new experimental 
techniques that has permitted the analysis of several traditional problems from a new perspective 
(e.g., swelling or collapsible soils and compacted soils or pavements materials, among others).

In the Americas, the study of unsaturated soils has received particular attention since the apparition 
of the first theories explaining the behavior of expansive soils. Besides, the recently developed theories 
constitute effective tools to study the complexity of soils present in the continent, such as residual soils, 
expansive and collapsing soils and mud rocks, and its interaction with extreme climatic variations.

Advances in Unsaturated Soils is the result of the 1st Pan-American Conference on Unsaturated Soils 
organized in Cartagena de Indias, Colombia, in February 2013 by Los Andes University and the Colom-
bian National University (Bogotá). The book contains a compendium of the works presented in the 
conference, and it represents a stimulating sample of every aspect included in the study of unsaturated 
soils up to 2013. Besides, it links together fundamental knowledge, testing techniques, computational 
procedures and prediction methodologies. The volume includes 76 research papers coming for all over the 
world, as well as 7 keynotes papers from international researchers.

I am grateful for the keynote papers prepared by professors Eduardo Alonso, Geoffrey Blight, Delwyn 
Fredlund, Antonio Gens, Sandra Houston, Serge Leroueil, Robert Lytton, Luciano Oldecop and Sai 
Vanapalli, and their co-authors. Certainly, these keynotes will become reference papers for researchers 
and practitioners interested in the area of unsaturated soils. 

I would also like to express our gratitude to the international committee TC106 of the International 
Society for Soil Mechanics and Geotechnical Engineering, who supported this conference, as well as to 
our co-sponsors: the University of Texas at Arlington, and the Geo Institute.

Finally, thanks are due to all the authors who submitted papers to the conference, to the reviewers 
who offered an essential part of their time to enhance the quality of these contributions, and to the local 
organizing committee and the international advisory board for their continuous support.

I hope that this volume will inspire future generations involved in geotechnical engineering of 
unsaturated soils.

Bernardo Caicedo
Chair, First Pan-American Conference on Unsaturated Soils
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Interactions between atmosphere and geosphere—difficulties 
in measuring evaporation

Geoffrey Blight
University of the Witwatersrand, Johannesburg, South Africa

ABSTRACT: The solar energy balance method and semi-empirical derivatives of this approach are 
widely used to estimate evaporation (or evapotranspiration) from the soil-covered or soil-like surfaces of 
waste storage facilities, in order to evaluate the water balances for the facilities. A number of difficulties 
and uncertainties regarding evaluation of the solar energy balance have been experienced. This paper 
gives six examples of these, with the purpose of warning against the incautious use of the method.

1 INTRODUCTION

Assessment of the water balance is an essential 
step in the design of any municipal solid, indus-
trial or mine waste storage facility. The water bal-
ance calculation enables the designer to estimate 
the quantities of water entering, retained within 
and exiting the waste body (e.g., Fenn, et al., 1975, 
Blight, 2010 and others). The inputs to the land-
fill or other waste storage facility usually consist 
of the water content of the incoming waste and 
the rainfall infiltration for the site, and the outputs 
are evaporation from the surface and leachate or 
seepage exiting from the base of the deposit. Esti-
mation of the inputs and the output evaporation 
enables the quantity of leachate or seepage to 
be predicted. This in turn allows the need for an 
impervious underliner, to prevent ground-water 
contamination, to be assessed as well as the quan-
tities of leachate or seepage for which the drain-
age or seepage effluent treatment system need to 
be designed. Fluctuating water storage within the 
waste body bridges between inputs and outputs 
and completes the water balance. At closure of the 
storage facility, the water balance needs to be re-
assessed for post-closure conditions to decide on 
the need for ongoing leachate collection, storage 
and treatment and to design the post-closure 
facilities. Recently, Henken-Mellies and Schweizer, 
(2011) have emphasized the ongoing importance 
of water balance estimation in all phases of the 
life-cycles of waste storage facilities.

Evaporation almost always represents a major 
term in the water balance equation and is also one 
of the most difficult to quantify. During the 1960s 
to 1990s, the fields of plant physiology, forestry 
and agriculture formalized a means of estimating 
evaporation from soil and water surfaces, based on 

the solar energy balance (Penman, 1956, Monteith, 
1980, Calder, 1990).

However, there are several difficulties in applying 
the solar energy method to the calculation of water 
balances in the field of waste storage. Some of these 
were enumerated and analysed by Blight (2009, 
2010). The purpose of this paper is to describe 
these problems, in order to warn of their existence. 
Their solution is not clear, as yet, but forewarned 
is forearmed, and knowing of their existence can 
prevent the geotechnical engineer working in the 
waste storage field from making incorrect deci-
sions based on inadequate information.

2 ESTIMATING EVAPOTRANSPIRATION 
BY SOLAR ENERGY BALANCE

According to established and generally accepted 
theory, the daily quantity of evaporation or eva-
potranspiration can be determined by measuring 
the components of the solar energy balance equa-
tion (e.g., Penman, 1963, Monteith, 1980, Calder, 
1990) written as:

LE = Rn + WE – (G + H + p) (1)

The terms are usually expressed in energy units 
of kJ/m2, and LE is the latent heat consumed in 
evaporation or evapotranspiration, Rn is the net 
incoming short wave solar energy (gross incom-
ing—reflected) at the soil surface, WE is the wind 
energy (which will not be considered here), G is 
the energy absorbed by heating the near-surface 
soil and soil-water (the soil heat), H is the energy 
absorbed by heating the near-surface air (the sen-
sible heat) and p is the energy used in plant photo-
synthesis (usually less than 2% of Rn).
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LE (in kJ/m2) is used to calculate the quantity of 
daily evapotranspiration by dividing the daily total 
LE by the latent heat for vaporization of water, λ 
in kJ/kg. That is, evapotranspiration E = LE/λ in 
kg/m2. (1 kg/m2 is equivalent to 1 mm depth of 
water.) For reasons of lack of space, the reader 
is referred to Blight (2009 & 2010) for numerical 
constants and methods of calculating the various 
terms in equation (1).

In terms of equation (1), G, H and p are heat losses 
or sinks that subtract from LE and therefore reduce 
evaporation. One of the problems associated with 
equation (1) is that it includes only the net incom-
ing short wave-length solar radiation Rn, but omits 
the outgoing long wave-length Earth heat radiation 
Ro. This could be subtracted as a proportion (about 
25%) of Rn, but because the rate of outgoing heat 
energy varies throughout the day and night and can 
be affected by local weather conditions, short-term 
fluctuations will arise (energy deficits or surpluses) 
that need to be represented by an energy storage 
term S, which may be positive or negative (Oke, 
1978). With these additions, equation (1) becomes

LE = (Rn – Ro) + WE – (G + H + p) + S (1a)

The value of H is negligible in comparison with 
G and p is also small. The equation lacks a term 
representing inefficiencies or losses in energy con-
version (L). With this addition, equation (1a) can 
be replaced by

LE = (Rn – Ro) + WE – (G + L) + S (1b)

Penman (1956) introduced a semi-empirical 
equation for calculating evaporation that does not 
use the energy balance directly, but is based on 
energy balance principles. His equation is

Ep = (ΔRn/λ + γEa)/(Δ + γ) (2)

in which Ep is the potential evaporation, Δ is the slope 
of the temperature versus saturated water vapour 
pressure curve at the prevailing air temperature, Rn 
is the net incoming solar radiation, λ is the latent 
heat for vaporization of water, γ is the psychrometric 
constant (66 Pa/oC), Ea = 0.165 (esat – ea) (0.8 + u2/100) 
mm/day, esat is the saturated vapour pressure of air 
(mbar), ea is the actual vapour pressure of air (mbar) 
and u2 is the wind speed at a height of 2 m (km/day). 
Note that Ea (a linear function of u2) increases Ep, 
and that no energy storage term appears. As Δ and 
γ both have units of Pa/oC, if Rn has units of J/m2 
per day and λ has units of J/kg, the units of Ep are 
kg/m2, the equivalent of mm/day of water.

Priestly & Taylor (1972) suggested a modified 
Penman equation that appeared to fit measured 
evaporation more closely. Their equation is:

Ep = 1.26Δ/λ.(Rn – S)/Δ + γ) (2a)

The effect of wind is ignored, and the heat stored 
in the water or soil being considered is represented by 
S, regarded as an energy loss. Various others (e.g., de 
Bruin & Keijman, 1979), have also suggested slight 
modifications to fit their local climatic conditions.

The original Penman equation (2) is probably the 
most frequently used method of calculating evapo-
ration from water or soil surfaces. Penman called Ep 
the potential evaporation, recognizing that actual 
evaporation could be more or less than this, depend-
ing on local circumstances. As evaporation is very 
often routinely measured by the standard American 
‘A’ evaporation pan, many attempts have also been 
made to find modification factors that will convert 
the easily determined A-pan evaporation (EA) to 
actual evaporation from soil or water surfaces. Pen-
man (1956) suggested ratios of Ep/EA for cropped 
fields varying from 0.8 for summer to 0.6 for winter 
in Western Europe. Others (quoted by Fenn, et al., 
1975) found values for Ep/EA varying in the range 
0.5–0.9. A recent study of the ratio EB/EA made at 
six landfill sites in South Africa (Blight, 2006), gave 
a large range of seasonal values varying from 0.1 
to 0.75 and average annual values from 0.34 to 0.46 
with an overall mean of 0.39. EB is the evapotran-
spiration measured by energy balance (equation (1), 
usually with WE, H and p set to zero). The neces-
sity of adopting these correction factors is recogni-
tion that both the A-pan and other evaporation pan 
methods of measuring evaporation as well as the 
use of equations (1a) and (2) are problematic.

These so-called “crop” or “lake” factors may 
seem to be a neat solution to the problem, but 
as shown by Figure 1, can be wildly inaccurate. 
Figure 1 (Benli, et al., 2010) shows a correlation 
between A-pan evaporation and evaporation from 
cropped soil measured directly by means of large-
scale lysimeters. No engineer would be happy to 
apply a correlation like this in work on which his 
reputation might depend.

Figure 1. Comparison of two methods of measuring 
evapotranspiration. (Benli, et al., 2010).
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3 DIFFICULTIES IN APPLYING THE 
ENERGY BALANCE TO ESTIMATING 
EVAPORATION

3.1 Field experiments using a large 
cylindrical pan set into the ground surface 
(Blight, 2009a)

Some of the difficulties associated with applying 
equation (1) are illustrated by Figures 2 and 3. 
Because similar principles must govern evapo-
ration from both water and soil surfaces, it was 
decided to pair experiments on water and soil, both 
to increase understanding of the processes and to 
act as a series of ongoing checks on the experimen-
tal results. A 500 mm diameter by 100 mm deep 
circular stainless steel pan was let into the surface 
of a short-mown grassed area so that its rim was 
level with the soil surface (i.e. slightly below the 
grass surface). The pan was filled with water and 
left overnight to reach temperature equilibrium 
with its surroundings. In the accepted conventional 
way, the vertical components of the incoming and 
reflected solar power (in W/m2) were measured 
throughout the day, as well as water temperatures. 
The experiment was then repeated, as a check, 

a week later. The week thereafter the experiment 
was carried out with the pan filled with a uniform 
compacted moist sand. An impervious containing 
vessel was used so that the depth of water or soil 
from which water was evaporating could be pre-
cisely defined, and at the same time, the sides and 
base of the soil or water specimen would be insu-
lated by the surrounding soil. The results of the 
measurements are shown in Figure 2. In the upper 
diagram, the roughly parabolic curves represent 
the vertical component of the net incoming solar 
power δ/δtRn(V) recorded through the first of each 
of two test days in W/m2. The ogive-like curves 
represent the time-integrated values of Rn(V), in 
kJ/m2. The soil heat G is also shown in this dia-
gram. Sunrise was at 07.00 and sunset at 17.00. 
The lower diagram shows the measured water and 
soil temperatures, relative to the temperature at 
sunrise, throughout the day, as well as the residual 
value at 07.00 the next morning.

The first difficulty that is apparent from Figure 2 
is that the maximum soil heat G (5410 kJ/m2) 
and water heat WH (8380 kJ/m2) calculated from 
the maximum soil and water temperatures exceeded 
the net cumulative vertical component of solar 

Figure 2. Results of twin experiments made on stainless steel pan set level with ground surface. Pan filled firstly 
with water, secondly with sand. Measured evaporation (averaged over 5 consecutive days): Water: 3.2 mm/day, Sand: 
1.6 mm/day.
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energy for the day (of 5270 kJ/m2 for the sand and 
4255 kJ/m2 for the water). Obviously, more energy 
was being absorbed by the soil and water than was 
represented by Rn(V). When the experiment was 
made with the pan filled with sand, the maximum 
(Rmax), the vertical (Rv) and net vertical Rn(V) 
components of the solar power were measured 
separately, with the result shown in Figure 3. This 
shows that the gross incoming solar energy Rmax, 
may be 3 times the net value of Rn(V) for the water, 
which, in conjunction with the completely inde-
pendently measured G and WH values in Figure 2, 
must mean that not only the vertical component of 
solar energy is absorbed at a soil or water surface 
(as conventionally assumed), but also additional 
oblique components.

The second difficulty also relates to the values of 
G. In Figure 2, G exceeded Rn(V) from 09.00 until 
nearly 16.00. If G is interpreted as a loss and as sub-
tractive from Rn(V), equation (1) would predict neg-
ligible evaporation for the day, whereas the actual 
evaporation measured over 5 days by means of the 
water contents of cores of sand taken from the pan 
averaged 1.6 mm/day. Similar results were observed 
for the evaporation of water (3.2 mm/day).

These tests were repeated several times, varying 
the colour of the pan’s interior surface for tests on 
water and the water content of the sand and with 
the pan set into the ground and raised above the 
surface with insulated sides and base. The results 

were similar in every case. It seemed very likely 
from the considerations above, that the stored soil 
and water heat are the opposite of heat losses that 
decrease evaporation, they are actually the sources 
and drivers of evaporation.

3.2 Field measurement of the water balance 
for a landfill

Figure 4 shows the water balance, measured over 
a five year period, for an experimental raising of a 
landfill in Cape Town, South Africa. (Blight, 2005). 
In Figure 4, the precipitation, P and the leachate 
L were measured directly on the landfill, while the 
evaporation from the landfill surface EB, was calcu-
lated by means of the solar energy balance (eqn. 1). 
It will be noted from Figure 4 that EB was by far 
the largest quantity in the water balance, with an 
average value of 620 mm/y. The broken line marked 
E(av) = 400 mm/y shows that there was considerable 
doubt as to whether the value of 620 mm/y could be 
correct, as it far exceeded the average annual precip-
itation of about 400 mm/y, over the 5 year period. 
Evaporation as large as this would have severely 
depleted the water stored in the waste, as shown by 
the solid line labeled ΔSw. As the landfill continued 
to emit leachate at an approximately constant rate 
(L in Figure 4) throughout the 5 years of the experi-
ment, this was unlikely to have happened and cast 
doubt on the accuracy of assessing EB. It appears 
that in this case, eqn. 1 led to a 50% over-estimate 
of the actual evaporation from the landfill.

3.3 Evaporation from experimental landfill 
capping layers

Figure 5 shows water balance data for a series of 
experimental landfill covers (or capping layers) 
constructed in Johannesburg, South Africa to test 
the infiltrate, stabilize, evapotranspire concept for 
landfill capping layers (Blight & Fourie, 2005). In 
Figure 5, evaporation estimated by solar energy bal-
ance (EB) is also the largest component of the water 
balance and far exceeded rainfall P. The experimen-
tal caps were constructed over geomembrane-lined 
basins, so that all evaporation must have originated 
in the soil cover, above the geomembrane. As the 
inset above the main diagram shows, average evap-
oration rates measured by changes of water con-
tent in the soil cover-layers during dry periods were 
considerably less than rates established by solar 
energy balance, again throwing doubt on the reli-
ability of the energy balance method, and result-
ing in up to a seven-fold (2.1/0.3) over-estimate of 
actual evaporation from the cover-layers. Similar 
tests carried out at the same time in Cape Town, 
indicated similar over-estimates of soil evaporation 
by applying equation (1).

Figure 3. Comparison of gross maximum, vertical and 
net vertical solar energies. Differences between water and 
sand for net energies is caused by differences in albedo 
(reflectance) of surfaces.
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Figure 4. Water balance for raised part of landfill at Cape Town during experiment: changes in water storage as a 
result of precipitation infiltration, leachate flow and evaporative losses. (November 1998–2003).

Figure 5. Water balance data for Johannesburg experimental landfill caps: October 2002 to October 2003.
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3.4 Evaporation from a grassed, fissured 
clay surface

In the two examples illustrated by Figures 4 and 
5, application of  equation (1) showed that EB 
over-estimated the true evaporation E. In both 
of  these cases, the cover soil was sandy, and 
apart from any faults with the interpretation of 
the terms of  equation (1), the over-estimate may 
have been the result of  inherent inefficiency in 
the conversion of  stored soil and soil-water heat 
into evaporation. This has been demonstrated by 
Blight (2010), pp. 445–446. However, the result of 
applying equation (1) may in other cases appear 
accurate or may be an apparent under-estimate of 
E. Figures 6a and 6b illustrate such cases (Blight, 
2006b, 2008a). The soil at the site under consid-
eration consists of  0.5 to 2 m of  a stiff  fissured 
clayey silt underlain by sandstone, with the water 
table at 5 m and a grass-covered surface. Sepa-
rate studies (Blight, 2009b) had shown that even 
in rain-storms of  as much as 50 mm in 4 hours, 
run-off  from the fissured clay surface was negli-
gible. The measurements for Figure 6a were made 
under the grassed surface near a lone willow tree. 
Figure 6a shows the rainfall precipitation (P) 
and evapotranspiration (EB) for the site from 01 
October 2003 to 20 December 2004, with the pre-
cipitation measured daily by rain gauge on site, 
and the evapotranspiration, assessed by equation 
(1). The water balance for the area adjacent to the 
lone willow was started in October because it is 
the end of  the dry season and a month in which 
temperatures are moderate and evapotranspira-
tion low. As Figure 6a shows, in addition to EB 
and P, the water stored in the soil profile (S) was 
measured by means of  soil samples taken by hand 
augering, at 100 mm depth intervals, on six occa-
sions from April to December, 2004. In the case 
that no water exits the shallow soil profile, to seep 
down to the water table and no water rises from 
the water table under a capillary gradient, the fol-
lowing equation should hold:

S + EB = P

The inset graph of (S + EB) against P shows 
that this was close to true for the data shown on 
Figure 6a.

The measurements for Figure 6b were made 
at right angles to a line of  evergreen bushes 
(Leucosidia) and deciduous trees (Populus). Fig-
ure 6b shows water balances for the years May 
2004 to April 2005 and May 2005 to April 2006, 
with May to October 2006. The water stored in 
the soil along two lines at right angles to the line 
of  bushes and trees was measured on two occa-
sions each by hand-augering holes at the positions 
indicated and measuring water content profiles 

from surface at intervals of  100 mm down to a 
depth of  500 mm.

The water stored in the soil remote from the 
bushes was very similar in quantity on both occa-
sions on which it was sampled and amounted to 
between 175 and 202 mm. Water stored in the soil 
remote from the trees amounted to between 152 
and 211 mm, i.e. similar to the “bush profiles”. 
By the same argument used above, (S + EB) should 
equal P. The experimental points for the assess-
ments of (S + EB) and P have also been plotted on 
the graph inset on Figure 6a. These show that as 
the water stored in the soil decreases, it approaches 
a constant value as P decreases. This is probably 
again due to a decreasing efficiency of conversion 
of soil heat into evaporation, as the surface dries 
out and surface fissures multiply in number and 
depth.

An alternate way of looking at the results in Fig-
ures 6a and 6b in terms of eqn. (1) is that when the 
soil is relatively wet, as it was in the measurements 
in Figure 6a, incoming radiation Rn is almost 
entirely converted to G, which is then relatively 
efficiently converted to E. In other words, for a wet 
soil, eqn. (1b) could be written:

LE = Rn + WE = G + WE (1c)

As the soil dries out and the energy conversion 
becomes less efficient, eqn. (1c) would change to

LE < G + WE = ηG + WE (1d)

where η is an efficiency factor accounting for 
inefficiency in conversion of heat energy to 
evaporation.

This reasoning is illustrated by Figure 7 which 
shows the results of solar heated evaporation 
tests similar to those described in Figure 2, but 
performed on smaller insulated containers so 
that evaporation could be accurately measured 
by weighing. The two experimental containers 
each holding water or a saturated sandy silt, were 
exposed to the weather at sunset on the day before 
the tests so that they could equilibrate with ambi-
ent conditions. Temperatures of the water and soil 
were measured by means of thermocouples, and 
the containers were weighed at intervals through-
out the day and the following night.

Figure 7 shows the results plotted in terms of 
evaporation and stored heat energy (see Blight, 
2009). The curves show that as the water or soil 
heat is absorbed, conversion of heat to evaporation 
occurred simultaneously. The maximum of stored 
WH or G occurred at about 15.00, whereafter inci-
dent solar radiation decreased rapidly, but conver-
sion of soil heat to evaporation continued. In the 
early hours of the next morning the heat energy 
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Figure 6a. Water balance data for a grass-covered site adjacent to a single tree where the soil consists of a stiff  fis-
sured silty clay of limited thickness, overlying sandstone.

Figure 6b. Water balance for a grass-covered site adjacent to lines of trees and bushes where the soil consists of a stiff  
fissured silt clay of limited thickness, overlying sandstone.
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had been exhausted. At this point, evaporation 
ceased and the sum of the total water or soil heat 
equaled the evaporation, i.e. in terms of eqn. (1c)

LE = WH or LE = G

3.5 Near-surface movement of water during 
evapotranspiration

The experience described in section 3.4 led to a 
detailed study of near surface water movement dur-
ing evapotranspiration (Blight, 2008b). Calibrated 
glass-fibre mat moisture sensors and gypsum blocks 
were set and observed in a clayey silt soil beneath a 
mown grass surface. The observations took place in 
June, a period with no rain or cloud cover.

Figure 8a shows the decline of water content as 
evaporation occurred over a period of 16 days at 
depths of 15, 45 and 75 mm. The gypsum blocks 
gave very similar results. Figure 8b shows detailed 
water content profiles measured on days 1 and 8.

While the loss of water over the 8 days from 
depths 0‒75 mm amounted to 0.6 mm/day, 
that over 0‒200 mm amounted to 1.1 mm/day. 

The latter figure more accurately represents the 
evapotranspiration from the soil, but the figure is 
actually larger, as water losses from deeper than 
200 mm were not measured. This shows that even 
direct measurement of evaporation from water 
content profiles by means of water contents may 
under-estimate actual evaporation losses.

If  it is assumed that the soil heat G at sunset 
is equivalent to the nocturnal evaporation, a total 
of 1.6 mm, 0.2 mm/day or roughly 20% of total 
evaporation took place nocturnally.

3.6 Drying of tailings beaches

Apparently anomalous results were observed when 
studying the rate of drying of 400 mm deep test 
depositions of platinum tailings on a tailings depo-
sition facility or TSF (Blight, et al., 2012).

To aid in understanding the process of drying of 
the tailings beaches, a small-scale experiment was 
set up. A sample of tailings was placed in a small 
plastic bucket. The bucket was contained in a card-
board box, the base and sides of the bucket being 
insulated with a minimum of 25 mm of dry wood 
shavings. The specimen represented a 120 mm thick 
surface layer of tailings, isolated from interchange 
of pore water with the tailings around or below it 
and with the insulation preventing any gain or loss 
of heat by the tailings specimen, except through 
the top surface. Changes of mass of the tailings 
could be measured by weighing to 0.5 g which rep-
resented a water loss or gain of 0.03 mm. To record 
the development of pore water suction in the tail-
ings, two calibrated gypsum block sensors were set 
into the tailings, one centred 20 mm from the sur-
face and the other at 100 mm below the surface. 
The bucket of tailings and an identical insulated 
bucket of water were exposed to the weather, sup-
ported 1 m above the ground on a small wooden 
table, in an area receiving sun from sunrise to sun-
set. The test was carried out in cool weather during 
May/June when there was no rain or cloud.

The results of the experiment are shown in 
Figure 9. Referring to the left diagram, starting 
at a value of 38.6% the water content declined to 
27% after 7 days of exposure before the gypsum 
blocks registered any suction. As the water content 
continued to decline, the suction rose by the day, 
reaching 300 kPa after another 7 days. The impor-
tant point to note is that suction was only gener-
ated once the water content fell below a threshold 
value (i.e. its field capacity), in this case 27%. Until 
this threshold was reached, the near-surface pore 
water was unstressed, and therefore free either to 
seep downwards into the tailings below, under the 
gravity pressure gradient, or to be evaporated. The 
proportions in which these two possible move-
ments occur appears unpredictable.

Figure 7. Variation of (a) water and (b) soil heat with 
evaporation over 24-hour day.
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Figure 9. Drying characteristics of platinum tailings.

Figure 8. Results of study of near-surface movement of water caused by evaporation.
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A suction of 300 kPa represents 30 m of negative 
water head which is sufficient to draw water up 
to the tailings surface from a depth of 30 m. It 
must also be noted that the whole mass of tailings 
retained by the TSF is consolidating under its own 
weight. The TSF is built on a highly impervious 
black clay stratum, for which the permeability, 
measured in the laboratory, is 0.03 m/y compared 
with 2 to 3 m/y for the tailings. Although originally 
desiccated and highly fissured, the clay was pres-
ently swollen with seepage water and compressed 
by the 30 m of overburden imposed by the tailings. 
Hence, water expelled by consolidation was much 
more likely to be moving towards the surface of 
the tailings than towards the impervious founda-
tion stratum.

Calculations based on the consolidation char-
acteristics of the tailings showed that the tailings 
mass is 90% consolidated and the surface of the 
tailings is settling at between 1 and 0.1 mm per day 
depending on the assumptions made. As the poros-
ity of the tailings is about 0.6, 0.6 to 0.06 mm/day 
of consolidation water is being liberated at the 
surface. This is enough to partly supply the evapo-
ration during hot weather, and to keep the near-
surface tailings damp during cool weather.

The left diagram in Figure 9 shows the cumula-
tive amounts of evaporation of water from both 
the tailings and water surfaces. Initially, there was 
very little difference in evaporation losses from the 
water and tailings surfaces, but once the suction 
threshold had been passed, evaporation from the 
tailings slowed, while that from the water surface 

continued at an almost constant rate. This is mainly 
because the efficiency of evaporation from the tail-
ings surface reduced considerably as the tailings 
progressively de-saturated.

The right diagram in Figure 9 shows the suction-
water content curve (or SWCC) for the tailings. 
After the suction reached 300 kPa, the tailings 
were re-wetted in two stages so as to develop the 
re-wetting branch of the SWCC. Note that the re-
wetting branch is both considerably steeper and, 
within the suction range of 0–300 kPa, almost 
completely reversible.

Figure 10 shows typical water content profiles 
at various times after deposition for two test dep-
ositions: (a) and (b). Considering (a), a depth of 
400 mm represents the surface of the previous layer, 
where on 22 March there was evidence that the sur-
face had dried to less than 20% water content.

The water content at this depth did not increase 
much above this value, because the tailings would 
now have been on the re-wetting branch of the 
SWCC (Figure 9, right). It will also be seen that 
it took 13 to 14 days for the water content at the 
surface to decrease below 30%, and 28 days after 
deposition had ceased, the surface water content 
had only decreased by 6% to 24%, roughly 0.21% 
per day. Comparing with Figure 9, where the water 
content reduced by roughly 1.4% per day, in the 
first 14 days, the drying appears to have been very 
slow. This is because the surface water content was 
being augmented continually by water, both evapo-
ration and consolidation water rising from below. 
This could not happen in the small-scale test, but 

Figure 10. Water content profiles measured at various times in two layers of recently deposited platinum tailings.
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the mechanism becomes apparent when the full 
scale beach is compared with the small-scale test.

Considering Figure 10b, it took 21 days for the 
surface water content to reduce from 36% to 30%, 
i.e. 0.29% per day. It is again likely that surface 
water contents were being augmented continually 
by water, drawn up by evaporation and rising con-
solidation water.

4 DISCUSSION AND CONCLUSIONS

Current methods of calculating evaporation from 
soil surfaces are mostly based on the solar energy 
balance principle or on a form of Penman’s equa-
tion in which the major input energy is the net 
incoming vertical component of solar energy and 
the major output is the latent heat of vaporiza-
tion, LE, from which the evaporation is calculated. 
Current methods either ignore heating of the soil 
or assume that solar energy converted to soil heat 
detracts from LE.

Studies over the past decade have highlighted 
a number of difficulties with currently accepted 
methods of applying the solar energy balance cal-
culation. These are:

1. The sun’s rays strike the Earth’s surface at an 
angle that varies throughout the day. Some of 
the energy is reflected and some heats the sur-
face. However, the extent of the component that 
heats the surface is uncertain. Measurements 
of soil heat G and water heat WH show that 
the net vertical component is too small, but, 
because some reflection of energy does occur, 
the direct or maximum radiation must be too 
large (Figures 2 and 3).

2. In soils that are unsaturated or desiccated, the 
energy balance method over-estimates evapo-
ration losses when compared with evaporation 
established by measured changes of water con-
tent (see Figures 4 and 5).

3. In sub-equatorial latitudes, the soil heat G and 
water heat WH may be as large, or larger than 
the measured net incoming vertical component 
of the solar energy, for much of the day. On the 
basis of equations (1c) and (1d), this suggests 
that in windless conditions, no evaporation will 
take place during this time (Figure 3). Measure-
ments show that this is not so.

4. The present approach (equations (1c) and (1d)) 
leads to the conclusion that no evaporation 
occurs between sunset and sunrise because the 
incoming solar radiation is zero during this 
period. Common experience is that drying and 
therefore evaporation does occur at night, and 
this is shown by measurements reported in this 
paper (Figures 7 and 8).

5. Sections 3.5 and 3.6 illustrate the most difficult 
aspect of measuring evaporation from a soil sur-
face—it is very difficult, in field measurements, 
to allow for the effects of water moving upwards 
under a suction or consolidation-induced flow 
gradient, or downwards under a gravity gradient.

6. The way ahead is by no means clear, but the 
difficulties associated with applying equation 
(1) and its derivatives should be noted, and if  
used, be used with caution. The substitution of 
Rn by G multiplied by a conversion efficiency 
η (eqn. 1d) is a route that warrants further 
examination.

7. Winter, et al. (1995), Rosenberry, et al. (2004, 
2007) and Yao (2009) working in the closely 
related area of assessing evaporation from 
wetlands, reservoirs and lakes conclude that 
although application of the solar energy balance 
is, in theory, the best way to assess evaporation, 
it is difficult to apply in practice, mainly, in their 
case, because of time lags that occur between 
energy components entering storage and being 
transformed to evaporation. Similar time lags, 
such as the conversion of heat into evaporation 
after sunset, are evident even in the short term 
tests described in this paper.
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Interpretation of soil-water characteristic curves when volume 
change occurs as soil suction is changed

D.G. Fredlund
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ABSTRACT: The soil-water characteristic curve, SWCC, has become a valuable tool for the estimation 
of unsaturated soil property functions, USPF, in geotechnical engineering practice. At the same time, 
indiscriminate usage of the estimation techniques for unsaturated soils can lead to erroneous analytical 
results and poor engineering judgment. Soils that undergo significant volume changes as soil suction is 
changed constitute one situation where erroneous estimations can occur. In particular, it is the evaluation 
of the correct air-entry value for the soil that has a significant effect on the estimation of subsequent 
USPFs. This paper defines the characteristics of a high volume change material and then proceeds to 
describe how the SWCC laboratory results can be properly interpreted with the assistance of a shrinkage 
curve. Two laboratory data sets are presented and used to illustrate how the test data should be inter-
preted in the case of high volume change soils. There have also been developments in the design of SWCC 
laboratory equipment with the result that both overall volume change and water content change can be 
monitored when measuring SWCCs. As a result, all volume-mass properties can be calculated. One such 
apparatus is described along with a description of its benefits and limitations.

relationship between the amount of water in a soil 
and soil suction. Within unsaturated soil mechan-
ics, the drying (or desorption) SWCC branch has 
received the most attention. Disturbance of the 
soil samples has historically been of limited con-
cern, or at least neglected, in both agriculture 
and geotechnical engineering, with disturbed and 
remolded soil samples often being used for labora-
tory testing.

Some of the concepts and measurement pro-
cedures for determining the relationship between 
the amount of water in a soil and soil suction (i.e., 
SWCC) are now receiving increased research inter-
est as unsaturated soil mechanics is increasingly 
being used in geotechnical engineering applica-
tions. It was prudent and appropriate that con-
sideration be given in geotechnical engineering 
to the wealth of knowledge that has accumulated 
within soil physics and agriculture. Along with the 
wealth of accumulated knowledge and experience, 
however, there are serious differences between the 
goals to be achieved in agriculture-related disci-
plines and the goals of geotechnical engineering. 
Unfortunately, many of these limitations have 
often been overlooked in the eagerness to make use 
of the SWCC. Unfortunately, the laboratory test 
procedures from soil physics and the application 

1 INTRODUCTION

The soil-water characteristic curve, SWCC, has 
become an important relationship to determine 
when applying unsaturated soil mechanics in 
engineering practice. The technologies related 
to the SWCC were originally developed in soil 
physics and agriculture-related disciplines. These 
technologies have slowly been embraced, with some 
modifications, in the application of unsaturated 
soil mechanics (Fredlund, 2002; Fredlund and 
Rahardjo, 1993).

Soil physics has primarily promoted the use of 
the SWCC within agriculture for the estimation 
of the water storage characteristics of soils near 
the ground surface. Unsaturated soil mechanics 
has primarily utilized the SWCC for the estima-
tion of unsaturated soil property functions which 
are subsequently used in numerical modelling 
solutions of geotechnical engineering problems 
(Fredlund, 2010). It has long been recognized that 
there are independent drying and wetting branches 
for the SWCC, as well as an infinite number of 
scanning curves between the drying and wetting 
branches. However, the SWCC has often been 
treated in both agriculture and geotechnical engi-
neering as though it were a single approximate 
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of the SWCC theory in geotechnical engineering 
have not been fully researched prior to usage in 
geotechnical engineering. As a consequence, geo-
technical engineers are now faced with the need to 
reconsider various aspects of the application of 
the SWCC. Some of the areas requiring further 
research for geotechnical engineering applications 
are highlighted in this paper.

2 THE PATH FORWARD

There are two approaches that could be taken 
with regard to further refinement in the applica-
tion of the SWCC in unsaturated soil mechanics 
(Figure 1). First, it is possible that modified labo-
ratory test procedures be developed and used for 
the measurement of the amount of water in the 
soil versus soil suction relationships in geotechnical 
engineering. It is also possible that new laboratory 
test equipment be designed to more realistically 
simulate field conditions. Second, it is possible that 
an additional, independent test be performed that 
would assist with the interpretation of a conven-
tional gravimetric water content SWCC. An inde-
pendent laboratory test that can be performed is 
a “shrinkage curve” test. The shrinkage curve test 
provides a fixed relationship between the gravimet-
ric water content and the instantaneous void ratio 
of the soil. The authors would suggest that both of 
the above-mentioned approaches be given consid-
eration. A review of the research literature shows 
that modified apparatuses for geotechnical appli-
cations have already become a trend for measur-
ing the SWCC. Alternate testing procedures have 
also been proposed in the research literature. In 
particular, the need for a modification to the deter-
mination of an appropriate SWCC has arisen in 
situations where the soil changes volume as soil 
suction is changed.

The development of testing apparatuses that 
measure the SWCC under controlled suction and 
net normal stress, along with volume change meas-
urements, is appealing for many geotechnical engi-
neering problems (i.e., left branch in Figure 1). The 
approach that suggests adding a shrinkage test to 
assist in the interpretation of the SWCC (i.e., right 
branch in Figure 1), blends in well with the proce-
dures that have already been used in engineering 
practice as well as agriculture-related disciplines. 
In other words, the existing laboratory test proce-
dures associated with the SWCC would continue 
to be used; or available data sets used, however, 
greater care needs to be taken in the interpretation 
and application of the results in engineering prac-
tice. This approach may be particularly appealing 
when net normal stress is relatively low in the field 
application.

This paper presents information on both of the 
above-suggested options for accommodating vol-
ume change that occurs as a result of soil suction 
changes. The paper also describes the procedures 
related to the determination of appropriate SWCCs 
for geotechnical engineering practice. The scope of 
the paper embraces consideration of sand, silt and 
clay textured soils and the differences involved in 
the interpretation of the laboratory results. Dif-
ferences in interpretation primarily depend upon 
the amount of volume change experienced dur-
ing the application of soil suction at a given net 
normal stress. Another objective is to illustrate the 
importance of the shrinkage curve in interpreting 
the SWCC laboratory test results. Laboratory test 
results are presented for highly plastic soils that are 
initially prepared in a slurry condition. These mate-
rials undergo significant volume change as soil suc-
tion is increased. Data is obtained using modified 
Ko equipment to determine the SWCC curve, with 
volume change, on a compacted expansive soil.

3 EXAMPLES OF VOLUME CHANGE 
AS SOIL SUCTION IS CHANGED

The conventional application of the SWCC for the 
estimation of unsaturated soil property functions 
commences with the assumption that the soil does 
not significantly change volume as soil suction is 
increased. This assumption may be reasonable for 
low compressibility sands, silts and dense coarse-
grained soils. However, there are other situations 
where the geotechnical engineer must determine 
unsaturated soil property functions when the 
soil undergoes considerable volume change with 
changes in soil suction. Such applications include 
wetting and drying of expansive clays, wetting of 
collapsible soils, and drying of slurry materials.

A common situation where extreme vol-
ume change occurs in the soil as soil suction is 
increased, involves the drying of initially wet or 
slurry materials. Sludge material and slurry mate-
rial (e.g., Mature Fine Tailings, MFT, from the Oil 

Figure 1. Approaches that can be taken to accommodate 
volume changes associated with soil suction changes.
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Sands operation), are deposited at water contents 
well above the liquid limit of the material (e.g., 
w = 100%). The material is deposited in ponds 
and allowed to dry in order to increase its shear 
strength. The geotechnical engineer is called upon 
to undertake numerical modelling simulations of 
the drying process. Volume changes in excess of 
100% are common, and failure to take volume 
change into consideration yields erroneous results 
during the drying simulation.

Almost any situation where a soil starts under 
very wet conditions and is subjected to drying will 
result in significant volume change. The material 
may be initially saturated and may remain near 
saturation, as soil suction increases during the 
drying process. Estimation procedures that have 
historically been proposed for the calculation of 
unsaturated soil property functions assume that a 
decrease in water content corresponds to a decrease 
in the degree of saturation of the soil. This may not 
always be the case and consequently the estimation 
procedures will give erroneous results when either 
gravimetric water content or volumetric water con-
tent SWCCs are used to calculate unsaturated soil 
properties such as the permeability functions.

Expansive soils problems are often associated 
with the soil taking on water as a result of infil-
tration. This is an adsorption process that involves 
the wetting SWCC. The effect of hysteresis needs 
to be taken into consideration as well as the effect 
of volume changes that occur as the soil dries or 
goes towards saturation.

Collapsible soils follow a different drying stress 
path than wetting stress path. The collapsible soil 
may initially be in a relatively dry state with sub-
stantial soil suction. As the soil imbibes water the 
volume of the soil decreases (or collapses). This 
has been a difficult stress path to simulate through 
numerical modelling. Volume change as soil suc-
tion is decreased has an effect on the determination 
of suitable unsaturated soil property functions.

This paper mainly focuses on the estimation 
of suitable SWCCs for soils that have high initial 
water content. At the same time it is recognized 
that there may be other stress paths that might 
need to be simulated in geotechnical engineering 
practice. This paper also discusses the benefits 
that can be accrued through use of modified pres-
sure plate apparatuses for the measurement of the 
SWCC.

4 DESCRIPTION OF SWCC TEST 
PROCEDURES COMMONLY USED 
IN SOIL PHYSICS

Historically, soil specimens have been initially 
saturated, placed on a pressure plate apparatus 

under very light confining stress and subjected to 
increasing matric suction values while equilibrium 
water contents were measured. The equilibrium 
water content (for each applied matric suction), 
was generally established in one to three days 
depending upon the soil type. Applied air pres-
sures were applied to the soil specimen(s) and the 
matric suction was established through use of the 
axis-translation technique. Pressure plate appara-
tuses were developed that either tested one or mul-
tiple soil specimens simultaneously.

Matric suction values were increased on a loga-
rithm scale (i.e., doubling the applied air pressure), 
until the air-entry value of the ceramic pressure 
plate was reached. The ceramic pressure plates gen-
erally had air-entry values ranging from 100 kPa 
to 1,500 kPa. The high range of soil suctions (i.e., 
beyond 1,500 kPa), were generally applied using 
vapour pressure equalization of small soil samples 
placed above saturated salt solutions in a vacuum 
desiccator.

Changes in the amount of  water in the soil 
were either determined through measurement of 
changes in the overall mass of  the soil specimens 
or the change in the volume of water expelled 
from the soil under each applied matric suction. 
In either case, the laboratory results were gener-
ally presented as a graph of volumetric water 
content on the ordinate versus the logarithm of 
soil suction. The assumption was made that the 
initial soil specimen was initially saturated. A sec-
ond assumption was also made in presenting the 
laboratory results; namely, that the overall vol-
ume of the soil specimens did not change as the 
applied soil suction were increased. This assump-
tion allowed measurements of  changes in the mass 
of  water in the soil to be used to back-calculate 
volumetric water contents for all applied soil suc-
tion values.

The above-mentioned testing procedure has 
served the agriculture-related disciplines quite 
well where the primary objective was to quantify 
the water storage in the soil under various applied 
suction conditions. It should be noted that while 
the SWCC used in agriculture is usually plotted 
as a graph of volumetric water content versus 
soil suction, the plot is only rigorously correct 
provided there is no volume change as soil suc-
tion is increased. All changes in the mass or vol-
ume of water removed as soil suction is changed 
are referenced back to the original volume of the 
soil specimen. It should be noted that volumetric 
water content is rigorously defined as the volume 
of water in the soil referenced to the instantaneous 
overall volume. Consequently, volumetric water 
content is correctly defined from gravimetric water 
content change alone only when no overall volume 
change occurs.
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5 DESCRIPTION OF SWCC TEST 
PROCEDURES COMMONLY USED 
IN GEOTECHNICAL ENGINEERING

The purpose for which the SWCC laboratory results 
are used in geotechnical engineering is quite differ-
ent from that of the agriculture disciplines and as a 
result, questions arise as to whether it is necessary 
to change the SWCC test procedure, the interpre-
tation procedure or both. This paper shows that 
application of the SWCC in geotechnical engineer-
ing is somewhat different from applications in agri-
culture, primarily because soil volume change in 
response to wetting and loading for many geotech-
nical engineering applications can be substantial.

Test procedures that had been used in agriculture 
for several decades began to be used in geotechnical 
engineering subsequent to 1960 (Fredlund, 1964). The 
need to measure the SWCC became apparent when it 
was realized that changes in the suction of a soil pro-
duced an independent effect on soil behavior from 
changes in total stress. Engineering problems associ-
ated with expansive soils provided the initial impetus 
for understanding swelling soil behavior in terms of 
changes in soil suction. In most cases, the expansive 
soils had substantial clay content and underwent 
considerable volume change during the swelling proc-
ess associated with wetting. In addition, subsequent 
applications of matric suction resulted in a decrease 
in the volume of the soil specimens. There are other 
applications of unsaturated soil mechanics in geo-
technical engineering that involve soil volume change 
due to change in soil suction. Examples involve the 
drying of initially slurry materials and the wetting of 
collapsible soils. For drying of initially slurried soils 
there can be extremely large volume changes associ-
ated with the application of soil suction.

The primary application of SWCCs in geotech-
nical engineering has been for the estimation of 
unsaturated soil properties such as permeability 
function (i.e., hydraulic conductivity versus soil 
suction) (e.g., Fredlund et al., 1994; van Genutchen, 
1980), and the shear strength function, (i.e., shear 
strength versus soil suction) (e.g., Vanapalli et al., 
1996; Fredlund et al., 1996). The estimation of 
realistic hydraulic conductivity functions depends 
on the separation of volume changes that might 
occur while the soil remains saturated from volume 
changes that occur as the soil desaturates.

Conventional testing procedures adopted within 
soil physics have not made a clear distinction 
between these two volume change mechanisms. 
Direct acceptance and adoption of soil physics 
SWCC testing procedures can result in serious 
deficiencies when testing materials that undergo 
volume change as soil suction is increased. Stated 
another way, it is not sufficient to measure changes 
in the mass or volume of water removed from the 

soil between various applied soil suctions. Rather, 
it is necessary to quantify the amount of volume 
change that occurs and to separate the volume 
changes that occur while the soil remains satu-
rated from the volume changes (and water content 
changes) that occur as the soil desaturates. The 
estimation procedures for unsaturated soil prop-
erty functions is different when the soil is undergo-
ing volume change from the situation where there 
is no volume change as soil suction is changed.

The differences in physical processes associated 
with the two types of volume change give rise to 
the need to be able to measure both changes in the 
volume of water mass as well as actual (or instan-
taneous) volume changes of the soil specimen. 
Two approaches to addressing this need for volume 
change measurements are considered in this paper. 
The first approach considers modifying the labora-
tory SWCC apparatuses such that the volume of the 
soil specimens is measured during the test. Devices 
that have been developed to meet this need are dis-
cussed later in this paper. The second approach 
suggests using an independent test to measure the 
relationship between gravimetric water content and 
void ratio. The required laboratory test is referred 
to as a shrinkage test and details related to this pro-
cedure are subsequently outlined in this paper.

6 USE OF SIGMOIDAL EQUATIONS 
FOR SWCCS

There are several sigmoidal type equations that 
have been proposed to mathematically describe the 
water content versus soil suction relationship (e.g., 
van Genuchten, 1980; Fredlund and Xing, 1994). 
The sigmoidal equations are S-shaped and have the 
appearance of being able to fit SWCC data regardless 
of the measure that is used to represent the amount 
of water in the soil (e.g., gravimetric water content, 
volumetric water content, or degree of saturation). 
The sigmoidal equations have a limitation in the 
extremely low suction range and the extremely high 
suction range as shown in Figure 2. In spite of the 
shortcomings of the sigmoidal equations their usage 
has become prevalent in unsaturated soil mechanics.

The Fredlund and Xing (1994) SWCC equa-
tion will be used to illustrate the character and 
usage of a sigmoidal equation for various desig-
nations of water content. The Fredlund and Xing 
(1994) equation makes use of a correction factor 
that allows all SWCCs to go to zero water con-
tent as soil suction goes to 1,000,000 kPa. Labo-
ratory measured SWCC data can be plotted as a 
relationship between gravimetric water content 
and soil suction. The Fredlund and Xing (1994) 
equation (Equation 1) can then be used to best-fit 
the SWCC.
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where: w(ψ) = gravimetric water content at any 
specified suction, ψ; ws = saturated gravimetric 
water content; hr = residual soil suction; af, nf, and 
mf = the fitting parameters for the Fredlund and 
Xing (1994) SWCC equation. Equation 1 is written 
for the gravimetric water content designation; how-
ever, the equation could also be best-fit to any of 
the designations of water content (e.g., volumetric 
water content or degree of saturation) versus soil 
suction. The gravimetric water content SWCC will 
be used in conjunction with the shrinkage curve to 
interpret the parameters required for the estima-
tion of unsaturated soil property functions.

It is possible to compute and best-fit the degree 
of saturation versus soil suction as well as any other 
designation for the amount of water in the soil 
by combining Equation 1 with the volume-mass 
relations for an unsaturated soil. The shrinkage 
curve for a soil provides information on changes in 
overall volume as soil suction is changed.

The volumetric water content versus soil suction 
SWCC must be differentiated with respect to soil 
suction to obtain the water storage coefficient for 
the soil. The volumetric water content must be 
related to the instantaneous overall volume of the 
soil mass in order to obtain the correct value for 
numerical modelling purposes. Volume change of 
the overall soil specimen can be taken into con-
sideration if  the relationship between gravimetric 
water content, w, and void ratio, e, is known. This 
relationship can be referred to as the “shrinkage 
curve” when the net normal stress is zero.

7 NEED FOR A SHRINKAGE CURVE

A graphical representation of void ratio versus 
gravimetric water content can be used to illus-
trate a variety of volume-mass pathways that 
might be followed for a particular geotechnical 
engineering problem involving unsaturated soils. 
Figure 3 shows typical volume-mass paths for: (a) 
an initially slurried, high plasticity soil that is dried 
from a high water content; (b) a swelling soil that 
is allowed to wet from an initially dry condition; 
(c) a silt or sand soil that does not undergo vol-
ume change as the soil is either dried or wetted; 
and (d) a collapsible soil that is wetted from a rela-
tively dry initial state. The scope of this paper is 
limited to consideration of the drying of soils that 
are initially in a slurry state. Other volume-mass 
paths should be the focus of further research since 
the overall volume change of a soil as suction is 
changed, influences the estimation of unsaturated 
soil property functions.

The shrinkage limit of a soil has been one of the 
classification properties in soil mechanics (ASTM 
D427). Mercury immersion was originally used for 
the measurement of the volume of a soil specimen. 
The technique is no longer considered acceptable 
in most countries. The shrinkage limit is defined 
as the water content corresponding to a saturated 
specimen at the void ratio achieved (minimum vol-
ume) upon drying to zero water content. It is the 
entire shrinkage curve, the plot of total volume (or 
void ratio) versus gravimetric water content, from 
an initially saturated soil condition to completely 
oven-dry conditions that is significant for the inter-
pretation of SWCC data.

As saturated clay soil dries, a point is reached 
where the soil starts to desaturate. This point is 
called the air-entry value and is generally near 
the plastic limit of the soil. Upon further dry-
ing, another point is reached where the soil dries 
without significant further change in overall vol-
ume. The corresponding gravimetric water content 
appears to be close to that corresponding to the 
residual soil suction.

Figure 2. Limitations in the fitting of a sigmoidal equa-
tion to SWCC data.
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The shrinkage curve can be experimentally 
measured from initial high water content con-
ditions to completely dry conditions. A digital 
micrometer can be used for the measurement of 
the volume at various stages of drying as shown in 
Figure 4. Brass rings can be machined to contain 
the soil specimens (i.e., the rings have no bottom). 
The rings with the soil can be placed onto wax 
paper and can be dried through evaporation to the 
atmosphere. The dimensions of the soil specimens 
are appropriately selected such that cracking of the 
soil is unlikely to occur during the drying process. 
The initial dimensions selected for the shrinkage 
curve specimens used in this study were a diameter 
of 3.7 cm and a thickness of 1.2 cm.

The mass and volume of each soil specimen 
can be measured once or twice per day. Four to 
six measurements of the diameter and thickness 
of the specimen were made at differing locations 
on the specimens. It has been observed that as the 
specimen diameter began to decrease, with the 
specimen pulling away from the brass ring, the rate 
of evaporation increased significantly (i.e., about 
twice as fast).

The increase in the evaporation rate is related to 
the increased surface area from which evaporation 
occurs. Consequently, it is recommended that the 
measurements of mass and volume be increased to 
once every two to three hours once the material shows 
signs of pulling away from the sides of the ring.

The “shrinkage curve” can be best-fit using 
the hyperbolic curve proposed by Fredlund et al., 
(1996, 2002). The equation has parameters with 
physical meaning and is of the following form:
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where: ash = the minimum void ratio (emin), bsh = slope 
of the line of tangency, (e.g., = e / w when drying from 

saturated conditions), csh = curvature of the shrink-
age curve, and w = gravimetric water content. The 
ratio, a

b
G
S

sh

shb
sG=  is a constant for a specific soil; Gs is the 

specific gravity and S is the degree of saturation.
Once the minimum void ratio of the soil is known, 

it is possible to estimate the remaining parameters 
required for the designation of the shrinkage curve. 
The minimum void ratio the soil can attain is defined 
by the variable, ash. The bsh parameter provides the 
remaining shape of the shrinkage curve. The cur-
vature of the shrinkage curve around the point of 
desaturation is controlled by the csh parameter.

8 DIFFERENT DESIGNATIONS FOR THE 
AMOUNT OF WATER IN THE SOIL

There are three primary ways to designate the 
amount of water in the soil; namely, gravimetric 
water content, volumetric water content and 
degree of saturation. Each designation has a role 
to play in understanding the physical behaviour of 
unsaturated soils.

8.1 Gravimetric water content

The measurement of water content in the laboratory 
is generally first measured in terms of gravimetric 
water content, w, because the mass of water is the 
easiest variable to measure. Other designations 
are then computed based on the volume-mass 
relations. The gravimetric water content SWCC 
was presented in Equation 1.

8.2 Volumetric water content 
(instantaneous volume)

Volumetric water content can be written as a func-
tion of the instantaneous overall volume of the soil 

Figure 3. Volume-mass pathways for a variety of pos-
sible geotechnical engineering situations.

Figure 4. Digital micrometer used for the measurement 
of the diameter and thickness of shrinkage specimens.

CAICEDO.indb   20CAICEDO.indb   20 12/27/2012   4:57:18 PM12/27/2012   4:57:18 PM



21

specimen, (1 + e), and gravimetric water content, w. 
Since gravimetric water content can be expressed 
as a function of soil suction, it is likewise possible 
to write volumetric water content as a function of 
soil suction.

θ ψ( )θθ ( )ψ
( )

w G( )ψ
e(

sG
=

+1
 (3)

The equation for the void ratio can be substi-
tuted into Equation 3 to yield the volumetric water 
content equation in terms of gravimetric water 
content along with several soil parameters.
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8.3 Degree of saturation

The degree of saturation of the soil can be writ-
ten as a function of gravimetric water content (as 
a function of suction) and void ratio (as a function 
of gravimetric water content). 

S
w G

e
sG( )w

( )
( )w

=
ψ  (5)

The degree of saturation can be further written 
as a function of gravimetric water content and the 
equation for the shrinkage curve, both which are 
functions of soil suction.
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The degree of saturation SWCC can also be 
written as a function of soil suction and the fit-
ting parameters for the gravimetric water content 
SWCC and the shrinkage curve. 
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8.4 Volumetric water content (initial volume)

It is possible to write the volumetric water con-
tent referenced to the initial volume of the soil; 
however, it should be noted that this designation 
has little or no value in unsaturated soil mechan-
ics. Only under conditions of no volume change 
during suction change does the equation become 
equal to the instantaneous volumetric water con-
tent SWCC.

θ ψ( )θ ( )ψ( )w G( )ψ
e

sG

o
=

+1  
(8)

8.5 Void ratio

The void ratio versus soil suction is of value in 
some situations. One such situation occurs when 
attempting to describe volume changes while the 
soil remains saturated under an applied suction. 
The void ratio can be written as a function of 
gravimetric water content which is a function of 
soil suction (i.e., shrinkage curve designated by 
Equation 2).

8.6 Experimental and parametric study program 
on the effect of volume changes on the 
interpretation of the SWCC

The effect of volume change on the interpretation 
of SWCCs was studied using the results from two 
experimental studies. For both soils, the labora-
tory SWCCs and shrinkage curve measured on ini-
tially slurried soils. The two materials were: (1) Oil 
Sands Tailings referred to as MFT (Mature Fine 
Tailings), and (2) Regina clay. The laboratory test 
results are first presented followed by a paramet-
ric study that focuses on the significance of overall 
volume change as soil suction is increased.

A parametric study was also undertaken for each 
of the two materials. The parametric study involved 
changing two of the fitting parameters in the gravi-
metric water content SWCC. For the Oil Sands 
Tailings, the first break in curvature along the 
gravimetric water content SWCC, (referred to as w 
Break), was maintained constant. For the Regina 
clay soil, the air-entry value, AEV, determined from 
the degree of saturation SWCC was kept constant. 
In each case, an empirical construction procedure 
involving the intersection of two straight lines on a 
semi-log plot was used to determine a single number 
for the break in curvature (Vanapalli et al., 1999).

8.7 Oil sands tailings

The laboratory program on the Oil Sands tailings 
involved the measurement of the gravimetric water 
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content SWCC and the shrinkage curve. The Oil 
Sands Tailings were prepared with sand to fines 
ratio, SFR, of 0.1. The liquid limit was 55%, plas-
tic limit 22%, and specific gravity, Gs, was 2.40. 
Approximately 60% of the material classifies as 
clay size particles.

The analysis of the test results assumed that 
the initial starting (saturated) gravimetric water 
content was increased while the remaining curve-
fitting parameters were kept constant. In other 
words, the first break in curvature along the gravi-
metric water content SWCC, (w Break), was kept 
constant. Changes in the air-entry values from the 
degree of saturation SWCC, (i.e., AEV or air-entry 
value) were then determined.

If  the soil did not undergo any volume change, 
then the “w Break” and the AEV would be equal, 
or the ratio of AEV to w Break would be equal 
to 1.0. Consequently, the ratio of AEV to w Break 
can be used as a measure of the effect of volume 
change on the interpretation of the correct air-en-
try value for the soil.

8.8 Regina clay

The Regina clay had a liquid limit of 75%, a plas-
tic limit of 25% and contained 50% clay size parti-
cles. The material was prepared as slurry and then 
subjected to various consolidation pressures under 
one-dimensional loading. After the applied load 
was removed, the soil specimens were subjected to 
various applied matric suction values. High suc-
tion values were applied through equalization in a 
constant relative humidity environment. The para-
metric study then assumed that the air-entry value 
determined from the degree of saturation SWCC 
remained at a constant value. (This was confirmed 
by the experimental results). The “w Break” on the 
gravimetric water content SWCCs were then com-
pared to the air-entry value for the soil. The ratio 
of AEV to w Break was used as a measure of the 
effect of volume change on the interpretation of 
the correct air-entry value for the soil.

8.9 Presentation of the laboratory measurements 
on oil sands tailings

Shrinkage curves and soil-water characteris-
tic curves were measured on Oil Sands tailings 
samples prepared with 10% sand added (i.e., 
SFR = 0.1). The slurry material has a gravimet-
ric water content of about 100%. The shrinkage 
curve results are presented in Figure 5. The vol-
ume of the Oil Sands tailings decreases as water is 
removed through evaporation. The material begins 
to desaturate near the plastic limit.

Figure 6 shows the gravimetric water content, 
w, plotted versus soil suction for the Oil Sands 

tailings. One specimen was tested with the initial 
gravimetric water content near 78% and a second 
specimen was dried to a water content of 47% and 
then tested.

The initially high water content specimen showed 
a break in the curvature in the region around 
1 kPa. The lower water content specimen (i.e., 
47%) showed a break in curvature around 10 kPa. 
However, the curvature is not distinct and does not 
represent the true air-entry value of the material. 
It is necessary to use the shrinkage curve results in 
order to properly interpret the SWCC results.

A best-fit shrinkage curve equation can be 
combined with the equation for the Fredlund and 
Xing (1994) equation for the SWCC. The resulting 
plot of degree of saturation, S, versus soil suction 
is shown in Figure 7. The results show that there 
is a distinct air-entry value for the Oil Sands tail-
ings at about 1,000 kPa. The true air-entry value 
is the same for the material with initial water con-
tents of 78% and 47%. The results would indicate 
that it is more correct to use the degree of satura-
tion SWCCs for the estimation of the unsaturated 
hydraulic conductivity function once the material 

Figure 5. Average laboratory shrinkage curves for the 
Oil Sands Tailings samples tested (SFR = 0.1).

Figure 6. Gravimetric water content SWCC’s measured 
on the Oil Sands tailings (SFR = 0.1).
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began to desaturate. The degree of saturation plot 
also indicates that residual condition can be identi-
fied at a suction of about 15,000 kPa and a residual 
degree of saturation of about 20%.

Figure 8 shows the volumetric water content 
versus soil suction plots for the Oil Sands tailings. 
These curves appear to be similar in shape to the 
gravimetric water content plots. The volumetric 
water content curves are required when quantify-
ing the water storage function for the material.

The basic volume-mass relationship, (i.e., Se = 
wGs) also makes it possible to plot void ratio, e, ver-
sus soil suction as shown in Figure 9. The curves 
show that there is essentially no volume change at 
soil suctions higher than the residual suctions.

9 PARAMETRIC STUDY AND 
INTERPRETATION OF THE OIL SANDS 
TAILINGS RESULTS

A parametric analysis was performed to quantify 
the effect of various amounts of volume change 
on the determination of the correct air-entry value. 

The volume change is assumed to occur as a result 
of increases in soil suction as the material dries. The 
degree of saturation SWCC was assumed to remain 
the same for all soils tested. The initial condition of 
each soil tested was saturated. The best-fit param-
eters for the gravimetric water content SWCC were 
determined for the material tested at 78% initial 
water content and maintained constant for all other 
initial saturated water content conditions.

The initial saturated water content of the speci-
men controlled the amount of volume change that 
would occur as the soil specimen was subjected to 
increased suction. The amount of volume change 
that occurred between the initial low suction value 
and the residual suction conditions was computed as 
the change in void ratio, Δe, divided by (1 + eo) where 
eo is the residual void ratio. All void ratio values were 
determined from the measured shrinkage curve.

Figure 10 shows the difference between the 
break in curvature on the gravimetric water con-
tent SWCC and the true AEV obtained from the 
degree of saturation SWCC plotted versus percent 
volume change experienced by the soil. A starting 
water content equal to the residual water content 
meant that no volume change occurred and the 
ratio of the break in the gravimetric water content 
SWCC was equal to the break in the true AEV 
observed on the degree of saturation SWCC.

When the starting water content was such that 
10% volume change took place during the gravi-
metric water content SWCC test, the break in the 
degree of saturation curve was 6 times larger than 
the break in curvature from the gravimetric water 
content SWCC. Likewise, when the starting water 
content was such that 20% volume change took 
place during the gravimetric water content SWCC 
test, the break in the degree of saturation curve 
was 16 times larger than the break in curvature 
from the gravimetric water content SWCC. Forty 
percent volume change was also quite feasible and 
in this case, the break in the degree of saturation 

Figure 7. SWCC’s plotted as the degree as saturation 
versus suction for the Oil Sands tailings (SFR = 0.1).

Figure 8. Volumetric water content versus suction for 
the Oil Sands tailings (SFR = 0.1).

Figure 9. Void ratio versus suction plot for the Oil 
Sands tailings (SFR = 0.1).
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curve was 40 times larger than the break in cur-
vature from the gravimetric water content SWCC. 
Needless to say, volume changes during suction 
increases in clayey soils can significantly change 
the interpretation of SWCC test results.

There are a number of estimation procedures 
that make use of the SWCC for calculating the per-
meability function of the soil. Each of these esti-
mation procedures calculate the possible decrease 
in hydraulic conductivity as the material desatu-
rates. Consequently, it is necessary to separate the 
changes in hydraulic conductivity that are related 
to void ratio change (under saturated conditions) 
from changes in degree of saturation.

10  PRESENTATION OF THE 
LABORATORY MEASUREMENTS 
ON REGINA CLAY

Shrinkage curves and soil-water characteristic 
curves were measured on Regina clay. Slurry 
Regina clay was prepared at a gravimetric water 
content slightly above its liquid limit. The shrink-
age curve results are presented in Figure 11. 
The void ratio of Regina clay decreases as water 
evaporates from the soil surface. The clay begins 
to desaturate near its plastic limit. The best-fit 
parameters for the shrinkage curve are ash = 0.48, 
bsh = 0.17, and csh = 3.30. The specific gravity of the 
soil was 2.73.

Figure 12 shows the gravimetric water content, 
w, plotted versus soil suction for Regina clay was 
preloaded at 196 kPa. Its initial water content was 
53.5%. The initially high water content specimen 
showed that a gradual break or change in curva-
ture occurred around 50 kPa. The curvature is not 
distinct and does not represent the true air-entry 
value of the material. The gravimetric water con-
tent SWCC was best-fit with the Fredlund and 
Xing (1994) equation and yielded the following 

parameters; that is, af = 140 kPa, nf = 0.87, and 
mf = 0.72. Residual suction was estimated to be 
around 200,000 kPa. It is necessary to use the 
shrinkage curve to calculate other volume-mass 
soil properties and properly interpret the SWCC 
results for the true AEV.

The best-fit shrinkage curve equation can be 
combined with the equation for the Fredlund and 
Xing (1994) equation for the SWCC. The result-
ing plot of degree of saturation, S, versus soil 
suction is shown in Figure 13. The results show 
that there is a distinct air-entry value for Regina 
clay is about 2,500 kPa. The true air-entry value 
was also found to be the same for all Regina clay 
samples preconsolidated at differing pressure val-
ues. It is more correct to use the degree of satura-
tion SWCCs for the estimation of the AEV of the 
soil and subsequently the unsaturated hydraulic 
conductivity function. The degree of saturation 
also indicates that residual condition can be more 
clearly identified as being at a suction of about 

Figure 10. Ratio of the break in the gravimetric water 
content plot to the true Air-Entry Value for the Oil Sands 
tailings.

Figure 11. Shrinkage curve for several samples of 
Regina clay.

Figure 12. Gravimetric water content versus soil suc-
tion for Regina clay preconsolidated to 196 kPa.
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200,000 kPa and a residual degree of saturation of 
about 20 percent.

Figure 14 presents a plot of  instantaneous vol-
umetric water content, VWC, versus soil suction 
for the Regina clay preconsolidated at 196 kPa. 
The break in curvature is similar to that observed 
when using the gravimetric water content. While 
the VWC plot does not reveal the true AEV, it 
is the volumetric water content plot that must 
be differentiated with respect to soil suction in 
order to compute the water storage under any soil 
suction.

Figure 15 shows still another plot of  water con-
tent versus soil suction conditions. In this case, 
gravimetric water content is non-dimensionalized 
by dividing by the saturated gravimetric water 
content. The break in curvature occurs around a 
value of about 46 kPa; a number similar to that 
observed on the gravimetric water content plot. 
The water content conditions are plotted in a 
dimensionless manner but this does not assist with 
the interpretation of meaningful characteristics on 
the SWCC.

Figure 16 shows a plot of void ratio versus soil 
suction conditions. There is a break in the cur-
vature of the graph around 45 kPa; however, it 
should be noted that the true AEV determined 
from the degree of saturation graph showed that 
the value was about 2,500 kPa. This means that the 
soil did not start to desaturate until the void ratio 
was about 0.7 (or the water content was about 25% 
which is near the plastic limit of the soil). The min-
imum void ratio achieved upon complete shrink-
age was 0.48.

Several other SWCC tests were performed on 
the Regina clay; each test starting with soil that 
had been preconsolidated from slurry to differing 
applied pressures. Figure 17 shows the gravimet-
ric water content versus soil suction plot for a soil 
preconsolidated to 6.125 kPa. The Fredlund and 
Xing (1994) fitting parameters are af = 18.0 kPa, 

Figure 13. Degree of saturation versus soil suction for 
Regina clay preconsolidated to 196 kPa.

Figure 14. Instantaneous volumetric water content, 
VWC, versus soil suction for Regina clay preconsolidated 
to 196 kPa.

Figure 15. w/wsat versus soil suction for Regina clay pre-
consolidated to 196 kPa.

Figure 16. Void ratio versus soil suction for Regina clay 
preconsolidated to 196 kPa.

nf = 0.88, mf = 0.76 and hr = 800 kPa. The degree 
of saturation SWCC is the same as shown in 
Figure 13.

Figure 18 shows the gravimetric water content 
versus soil suction plot for a soil preconsolidated 
to 12.25 kPa. The Fredlund and Xing (1994) fitting 
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parameters are af = 25.0 kPa, nf = 1.10, mf = 0.65 and 
hr = 800 kPa. The best-fit parameters can readily 
describe the shape of the entire gravimetric water 
content SWCC. However, an understanding of 
the physical behavior of the Regina clay must be 
carefully gleaned through interpretation of several 
SWCCs using different water content representa-
tions when there is volume change as soil suction 
is increased.

Figure 19 shows the gravimetric water content 
versus soil suction plot for a soil preconsolidated 
to 24.5 kPa. The Fredlund and Xing (1994) fitting 
parameters are af = 40.0 kPa, nf = 1.30, mf = 0.58 
and hr = 1000 kPa. Figure 20 shows the gravimetric 
water content versus soil suction plot for a soil pre-
consolidated to 49.0 kPa. The Fredlund and Xing 
(1994) fitting parameters are af = 90.0 kPa, nf = 1.10, 
mf = 0.70 and hr = 2000 kPa. Figure 21 shows the 
gravimetric water content versus soil suction plot 
for Regina clay preconsolidated to the highest pres-
sure of 392 kPa. The Fredlund and Xing (1994) 
fitting parameters are af = 120.0 kPa, nf = 0.84, 
mf = 0.70 and hr = 2000 kPa.

The measured SWCCs for Regina clay show that 
the measurement of the gravimetric water content 
SWCC and the shrinkage curve for a soil are all 
that is required to obtain an approximation of the 
volume-mass versus soil suction relationships when 
the applied net normal stress is zero. The proce-
dure that should be used for the interpretation of 
the laboratory data has also been described.

Figure 18. Gravimetric water content versus soil suc-
tion for Regina clay preconsolidated to 12.25 kPa.

Figure 19. Gravimetric water content versus soil suc-
tion for Regina clay preconsolidated to 24.5 kPa.

Figure 20. Gravimetric water content versus soil suc-
tion for Regina clay preconsolidated to 49 kPa.

Figure 21. Gravimetric water content versus soil suc-
tion for Regina clay preconsolidated to 392 kPa.

Figure 17. Gravimetric water content versus soil suc-
tion for Regina clay preconsolidated to 6.125 kPa.
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11  INTERPRETATION OF THE RESULTS 
ON REGINA CLAY

A similar procedure to that used for interpreting 
the Oil Sands tailings can be used to explain the 
significance of the measurements on Regina clay 
(See Figure 22). However, this time the difference 
between the break in the gravimetric water con-
tent SWCC and the true AEV will be expressed in 
an inverse manner (i.e., AEV/(Break in curvature 
on w SWCC)). The volume change of the soil is 
once again expressed as the change in void ratio, 
Δe, divided by (1 + e) and all void ratio values are 
determined from the shrinkage curve.

The horizontal axis of Figure 22 shows that the 
Regina clay soil specimens changed in volume by 
65% to 150% as soil suction was increased to resid-
ual suction conditions. At 70% volume change, the 
true AEV is 60 times larger than the break in cur-
vature indicated by the gravimetric water content 
SWCC. Also at 120% volume change, the true AEV 
is 129 times larger than the break in curvature indi-
cated by the gravimetric water content SWCC. The 
laboratory test results clearly indicate the signifi-
cant influence that volume change as soil suction 
increases has on the interpretation of the data.

Further research should be undertaken to verify 
that the unsaturated soil property functions can 
indeed be estimated by using the interpretations 
suggested in this paper.

12  EQUIPMENT MODIFICATIONS 
TO MEASURE OVERALL VOLUME 
CHANGE

Equipment in common use for measuring this soil-
water characteristic (Tempe cell, pressure mem-
brane, pressure plate), often lacks some features 
that are important to the study of unsaturated soil 
behavior for geotechnical applications. These fea-
tures involve a means to apply field-appropriate 
net normal stress, the determination of volume 
change as well as water content change (during 
drying and wetting), and the use of a single speci-
men for determination of the relationship of soil 
suction to the volume-mass soil properties. Several 
research groups have recently developed modified 
pressure plate-type devices. One such apparatus 
that allows for testing of the complete SWCC on 
a single specimen is the modified oedometer (Ko) 
device (Padilla et al., 2005; Pham et al., 2004). Soil 
suction is controlled using the axis-translational 
method, on a pressure plate cell. A Ko SWCC 
device manufactured by GCTS, Tempe, AZ, is 
shown in Figures 23 and 24.

Some of the features of the GCTS Ko cell 
include the simulation of field net normal 

Figure 22. Difference between the break in the gravi-
metric water content SWCC and the Air-Entry Value for 
Regina clay.

Figure 23. GCTS Pressure plate device.

Figure 24. GCTS Pressure plate device.
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stress (e.g., overburden plus structural loads), 
measurement of water released or absorbed from 
the specimen during the test, capability of tracking 
the vertical deformation of the soil specimen, and 
the capability of obtaining several points along the 
soil-water characteristic curve without dismantling 
the cell (Perez-Garcia et al., 2008). The ceramic 
high-air-entry disk, HAED, used in this appara-
tus is epoxied into a ring that is fitted into a recess 
on the bottom base plate. The disk has a grooved 
water compartment to keep the disk saturated 
and to facilitate the flushing of diffused air. The 
base has two external ports that connect the water 
compartment to the drainage system consisting 
of two graduated volumetric tubes. Each tube has 
a graduated scale with 1 mm marks. The volume 
tube measurements can be read to the nearest mm, 
which translates to accuracy in volume measure-
ments of 0.07 cc. The application of the net normal 
stress is accomplished with a loading rod inserted 
from the top of the device and dead weights placed 
on top of the loading plate. Alternatively, a load-
ing frame can be used to apply loads directly to the 
loading rod. The application of a vertical load also 
ensures close contact between the sail specimen 
and the ceramic disk in addition to more closely 
simulating field conditions.

A stiff, stainless steel specimen ring is used to 
constrain the specimen laterally. Compacted or 
undisturbed specimens with diameters from 50 
to 75 mm and 25 mm high can be tested in this 
device. The platen and the loading rod move up 
or down with the sample as the sample expands 
or compresses, and this measurement is tracked 
with a dial gage or LVDT. A pressure compensator 
is also provided to null the uplift loads generated 
when applying pressures inside the cell. The same 
air pressure applied to the cell is also applied to 
a piston which has a net area equal to the cross-
sectional area of the loading rod.

The axis-translational technique allows the 
control of negative pore water pressures less than 
zero-absolute, and consists of elevating the pore-
air pressure such that the desired matric suction, 
(ua – uw), is achieved. The saturated HAED used 
in the axis-translational technique, when saturated, 
allows the passage of water yet prevents the flow of 
air up to a value of air pressure corresponding to 
the air-entry-value of the ceramic disk.

One of the main problems associated with high-
air-entry ceramic disk is the diffusion of air that 
accumulates over time in the water compartment 
beneath the HAED. For this reason, the device 
has been designed to allow for flushing air from 
beneath the HAED. Accumulation of air results in 
the apparent volume of water coming out of the 
specimen being larger than actual. If  water is going 
into the sample, diffused air will prevent the water 

from flowing into the specimen if  the amount 
of air is sufficient to retard the water conductiv-
ity through the high air entry disk (Padilla et al., 
2006). Measured rates of air diffusion as a func-
tion of suction for several 15 bar stones are shown 
in Figure 25. For 15 bar ceramic disks, the diffusion 
of air at 700 kPa is about 0.9 cc/day and 1.8 cc/
day at 1,400 kPa. The amount of diffused air is 
relatively small when applying low suctions but the 
rate of air diffusion increases more or less linearly 
as the air-entry-value of the HAED is approached 
(Perez, 2006; Perez-Garcia et al., 2008).

An example of the void ratio constitutive sur-
face obtained using the GCTS SWCC device is 
shown in Figure 26. This surface was obtained 
along a wetting path, and vertical swell of the spec-
imen was monitored as suction was decreased. The 
soil classified as a CH, with LL of 82 and PI of 
52, and exhibited a medium degree of expansion 
based on its expansion index (ASTM D 5890–06). 
Points along the SWCC were obtained for three 
different net normal stress values, allowing the 
determination of the constitutive surface. The data 

Figure 25. Diffused air through 15 bar high air entry 
ceramic disks (Padilla et al., 2006).

Figure 26. Example of Void Ratio Constitutive Surface 
for an Expansive Soils Obtained using the GCTS SWCC 
Device (Singhal, 2010).
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points obtained are shown along with the fitted 
constitutive surface. The fit was obtained using the 
Unsat-6 function proposed by Vu and Fredlund, 
2006. A summary of the data plotted in Figure 26, 
including degree of saturation data, is provided in 
Table 1.

It is also possible to obtain the drying SWCC, 
with volume change determination, using the Ko 
SWCC device (Singhal, 2010). However, if  the 
confining stress is low, and if  the test is begun at 
a high water content, specimen shrinkage during 
drying may result in the specimen pulling away 
from the side walls of the confining ring. There 
are two effects of specimen shrinkage. One effect 
is the loss of confinement in the radial direction 
(Ko conditions no longer apply). Additionally, 
the SWCC cell must be disassembled and caliper 
measurements used to obtain radial strains due to 
shrinkage.

13  BENEFITS AND LIMITATIONS 
ASSOCIATED WITH 
ONE-DIMENSIONAL TESTING 
FOR THE SWCC

An oedometer-type pressure plate apparatus 
allows for testing of the full SWCC on a single 
specimen, and does not require cell disassembly at 
each level of suction considered. Mid-point weigh-
ing of the specimen, as required in most pressure 
plate devices, is not ideal because evaporation of 
water from the specimen can introduce error. The 
oedometer-type SWCC cell provides measure-
ments of moisture content change throughout 
the test without removal of the soil specimen by 
use of graduated volume tubes, provided evapora-
tion from the graduated tubes in presented or at 

least accounted for through calibration. It is also 
helpful for obtaining accurate water content meas-
urements if  the SWCC device is kept at relatively 
stable temperature during testing, as this avoids the 
development of condensation droplets within the 
cell that arise from temperature fluctuations. Small 
differences in water content between direct meas-
urement and volumetric outflow computations at 
the end of the full SWCC determination, and upon 
device disassembly, can be adjusted using a correc-
tion factor applied to points along the soil-water 
characteristic curve.

The Ko SWCC device represents an improvement 
over existing pressure plate devices for geotechni-
cal applications. Net normal stress can be control-
led and measurements of volume change can be 
made during testing to track changes in void ratio 
and degree of saturation using this device. This is 
particularly important for geotechnical problems 
of expansive and collapsible soils.

Void ratio and degree of  saturation are not 
tracked when using conventional pressure plate 
devices. The general procedure used with the 
conventional pressure plate device is to have sev-
eral “duplicate” specimens, and one specimen is 
removed and weighed to determine water content 
at each suction value of  interest. It is difficult to 
produce identical specimens unless a compacted 
soil or a reconstituted soil is being tested. The 
oedometer apparatus allows the preservation of 
soil structure in addition to the determination 
of  the SWCC on one specimen. It is likely that 
sample variability is a greater problem than the 
potential errors associated with use of  “dupli-
cate” specimens and errors associated with mid-
point disassembly for obtaining water content 
measurements.

There are some issues to be addressed and cor-
rections to be made when determining the SWCC 
relationship using an oedometer-type pressure 
plate device. The challenges include avoidance of 
evaporation from water outflow/inflow tubes for 
long-equilibration time tests, temperature control 
to minimize or avoid condensation of water inside 
of the SWCC cell, and determination of volume 
change during drying if  the specimen shrinks from 
the sidewall of the specimen ring. However, the 
advantage of the oedometer-type pressure plate 
device for geotechnical applications are significant. 
It is important for geotechnical applications to test 
under appropriate net normal stress and to be able 
track volume change as soil suction is increased or 
decreased. It is also important to be able to test 
specimens for which soil structure is preserved, 
and this can be done in the Ko pressure plate device. 
Finally, it is an advantage to be able to develop the 
full SWCC on one test specimen to avoid variabil-
ity in the soil specimens.

Table 1. Data for Wetting Path for CH soil tested in 
GCTS SWCC device (Singhal, 2010).

(ua – uw)
(kPa)

(σy – ua)
(kPa) w(%) Sr(%) e

1200   1 24.2 76.6 0.890
500   1 26.4 78.6 0.947
100   1 30.3 82.4 1.034
0   1 35.5 88.8 1.126
1200  25 24.8 81.7 0.855
500  25 26.9 83.2 0.910
100  25 30.7 87.6 0.987
0  25 34.5 95.4 1.017
1200 150 25.2 83.5 0.848
500 150 27.1 83.8 0.910
100 150 30.5 89.2 0.963
0 150 32.9 92.7 0.997
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14  CONCLUSIONS AND 
RECOMMENDATIONS

Changes in the volume of the soil specimens as 
soil suction is increased can significantly affect the 
interpretation of soil-water characteristic curve 
information. This paper has presented informa-
tion on the procedures that can be used to prop-
erly account for the effects of volume change when 
interpreting the SWCC for volume change materi-
als. The effects of volume change are shown to be 
significant, resulting in erroneous calculations of 
the unsaturated soil property functions.

Laboratory apparatuses have also been described 
for the measurement of both water volume change 
as well as overall volume changes. The one-dimen-
sional loading devices may still have the limitation 
of not being able to measure overall volume change 
for conditions where the soil specimen separates 
from the walls of the ring during drying. However, 
the device can be disassembled after equilibration 
to each suction to obtain volume change due to 
shrinkage using micrometer measurements. Stud-
ies are needed to determine the effect of net nor-
mal stress on radial specimen shrinkage, but it is 
likely that for many geotechnical applications that 
sidewall shrinkage may be prevented by the appli-
cation of net normal (vertical) stress indicative of 
field conditions.

Following is a summary of the main conclusions 
from this study.

1. Volume changes associated with an increase in 
soil suction can significantly affect the determi-
nation of the true AEV of the soil.

2. Errors in the determination of the true AEV 
of an initially slurried clay soil can be several 
orders of magnitude if  volume changes during 
suction changes are not taken into account.

3. Errors in the determination of the true AEV of 
a soil can have a significant effect on the estima-
tion of USPFs.

4. The measurement of the shrinkage curve for a 
soil can be used in conjunction with the gravi-
metric water content SWCC to determine the 
true air-entry value for a soil.

5. The true AEV of a soil must be determined 
from the degree of saturation SWCC.

6. The water storage function can be obtained by 
differentiating the instantaneous volumetric 
water content SWCC with respect to soil suc-
tion. This is true for suction values less than and 
greater than the air-entry value of the soil.

7. One-dimensional oedometer apparatuses that 
can apply controlled soil suctions can provide 
further insight into the volume-mass behaviour 
of unsaturated soils.

8. One-dimensional oedometer apparatuses have 
a limitation in that the soil specimen may pull-
away from the confining ring at high soil suctions, 
particularly when confining stress is low.

The authors would recommend that similar lab-
oratory and parametric type studies be conducted 
for other volume-mass pathways. Consideration 
should be given to obtaining the most accurate 
interpretation of SWCC data for collapsible soils, 
compacted soils as well as swelling soils.
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ABSTRACT: The paper presents the observations, analysis and interpretation of a long-term ventila-
tion test performed in the Mont Terri underground laboratory. An unlined 1.3 m diameter tunnel exca-
vated in Opalinus clay has been subjected to two controlled ventilation periods. Extensive instrumentation 
has provided observations concerning relative humidity, pore pressures and displacements in the rock. In 
addition, boreholes have been drilled at several times during the experiment to obtain independent meas-
urements of water content and degree of saturation of the rock. It has been found that an unsaturated 
zone surrounding the tunnel, though small in extent, largely controls the progress of drying and other 
effects associated with ventilation. The interpretation of the test has been based on a coupled multi-phase 
hydromechanical numerical model in which unsaturated soil mechanics concepts such as vapour diffu-
sion, relative permeability and retention curve play a paramount role.

2 DESCRIPTION OF THE TEST

The Ventilation Test (VE) has been performed in 
a 10 m section of a 1.3 m diameter unlined micro-
tunnel excavated in the Mont Terri underground 
laboratory (Figure 1).

The Mont Terri laboratory (Thury & Bossart 
1999) has been excavated in Opalinus clay, a stiff  
overconsolidated clay of Lower Aalenian age 
(Middle Jurassic) found in the Jura mountains of 
Northern Switzerland. There are three slightly dif-
ferent facies containing different mineral propor-
tions: a shaly facies in the lower part of the deposit, 
a 15 m thick sandy-silty facies in the centre and 
a sandy facies interstratified with shaly facies in 
the upper part. The content of clay minerals may 
range from 40% to 80%, depending on the facies. 
The clay was sedimented in marine conditions, it 
is very strongly bedded and its total thickness is 
about 160 m. In the location of the Mont Terri 
laboratory, overburden varies between 250 and 
320 m. The laboratory is situated in an asymmetri-
cal anticline formed during the folding of the Jura 
Mountains. As a result, the rock strata dip with an 
angle of 25°–45o to the southeast. Information on 
the properties of Opalinus clay has been reported 
in Bock (2001), Wileveau (2005), Gens (2012).

The microtunnel was excavated in 1999 in the shaly 
facies, parallel to the New Gallery, using the raise-
boring technique. This direction is perpendicular 

1 INTRODUCTION

All tunnels are subjected to ventilation to a greater 
and lesser extent, both during construction and 
during operation. Argillaceous hard soils and soft 
rocks are potentially sensitive to ventilation effects; 
ventilation may cause some degree of damage 
leading to cracking and permeability increases and 
may also trigger chemical processes such as pyrite 
oxidation and gypsum precipitation that, in turn, 
can also have hydromechanical effects.

Those potential effects are quite important in the 
context of using argillaceous materials as host rocks 
for geological disposal of radioactive waste. In partic-
ular, damage and hydromechanical variations in the 
zone adjacent to the tunnel is directly relevant to the 
safety of the repository as it may provide a preferen-
tial pathway for the migration of radionuclides. It is 
therefore necessary to examine those potential effects 
in detail, preferably under realistic conditions.

In this paper, the observations gathered during a 
field-scale ventilation test carried out in the Mont 
Terri underground laboratory are examined and 
interpreted assisted by the performance of cou-
pled hydromechanical numerical analyses. Because 
of the nature of a ventilation test (that may lead 
to desaturation of the host material), the numeri-
cal computations must be based on a formulation 
firmly grounded in the concepts and approaches 
of unsaturated soil mechanics.
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to the bedding trace that dips at an angle of 25° 
towards the SE at this location.

The layout of the VE test is shown in Figure 2. 
The 10 m section was sealed off  by means of two 
double doors made of exotic wood insensitive to 
relative humidity (RH) variations (Figure 3). The 
controlled ventilation during the test was achieved 
using a system consisting of a blowing device, 
located outside the test section. It included a com-
pressor, a drier and a bubbler, as well as inflow and 
outflow pipes equipped with flowmeters, hygrom-
eters and thermometers. Measurement of airflow 
mass and relative humidity of ingoing and outgo-
ing air allowed establishing the global water mass 
balance of the test section, as reported below. More 
details are given in Mayor & Velasco (2008).

Several phases in the history of the test can be 
distinguished (Figure 4):

− Phase 0 in which the VE tunnel was excavated 
and left open without controlled ventilation 
conditions from February 1999 to July 2002. 
This phase lasted 41 months.

− Phase 1 in which the VE tunnel was subjected to 
controlled ventilation conditions. During the first 
stage (from July 8, 2002 to May 28, 2003), the 
RH in the tunnel was allowed to be close to 100% 
causing some resaturation of the rock. In the 
second stage (from May 28, 2003 to January 29, 
2004) ventilation with controlled RH was applied. 
Three RH steps were applied: 80%, 30% and 2%. 
This Phase lasted about 19 months (11 months 
for the first stage and 8 months for the second).

− Phase 2 consisted also of two stages. In the first 
stage (from January 29, 2004 to July 11, 2005), 
RH was again allowed to be close to 100% causing 
some resaturation of the host rock. Afterwards, 
a controlled ventilation stage was performed 
(from July 11, 2005 to September 24, 2006). In 
this stage the RH of the incoming air was kept 
at the low value of 2% to ensure the strongest 
possible ventilation effects over the time available 
for the test. In total, this phase lasted 32 months, 
12 months for the first stage and 21 months for 
the final strong ventilation stage.

The relative humidity values before the start 
of measurements is an estimation based on the 
backanalysis of the pore water pressures in the 
rock when monitoring started. During the test, the 
nominal relative humidity values of Figure 4 were 
not exactly achieved; the relative humidity values 
actually measured inside the tunnel and in a sensor 
2 cm inside the rock are shown in Figure 5.

Between May to July 2002, a 2 m radius around 
the test section was instrumented with hygrometers 
for the measurement of relative humidity (RH), 
piezometers and extensometers. Some additional 
hygrometers and piezometers were installed before 
the desaturation stage of Phase 2. In addition, 
several drilling campaigns were also carried out at 
several stages of the experiment to determine the 
water content around the microtunnel. The times 
of the drilling campaigns are indicated by vertical 
dotted lines in Figure 5.

Figure 1. Location of the microtunnel where the VE 
experiment was performed. Mont Terri underground 
laboratory.

Figure 2. Lay out of the Ventilation test (VE).

Figure 3. Ventilation test section.

Figure 4. Timeline of the Ventilation test (VE) tunnel 
section.
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3 HYDROMECHANICAL FORMULATION

The hydromechanical (HM) formulation used is a 
particular case of the general THM formulation 
developed in Olivella et al. (1994). The key equa-
tion in this particular case is the water mass bal-
ance (Garitte et al., 2010) expressed as:

∂
∂t∂∂

fl
w

l gφ w
g lφ w

g
w wf( )θ φ φφφ θθθ wθ φ θθφ θθ wθ φ )g( w w+)φθθθθ φ ∇ ⋅ =)g
w

l
w  (1)

where the first terms reflects the change of water 
mass with time in a generic representative volume 
and the second term represents the divergence of 
water flow. The right hand side term is a sink/
source term that is equal to 0 in the present case. 
θl

w and θg
w are the volumetric masses of water in 

the liquid and the gas phase, respectively. θ wl = ω wl ⋅ 
ρl, where ω wl = mw /ml is the mass fraction of water in 
the liquid. The same nomenclature is used for the 
gas phase. Sl and Sg are the degrees of saturation 
of liquid and gas phases, respectively. jl

w and jg
w are 

the fluxes of water (with respect to a fixed refer-
ence) in the liquid and gas phases, respectively.

The advective flow of water in the liquid phase 
j wl [kg/m2/s] is:

jljj
w

l
w

l= ⋅lθ w
l q  (2)

where ql [m/s] is the Darcy velocity that is propor-
tional, to the water potential gradient:

q
k

l
rl

l
l l

kr= − ∇
μll

)g( l l∇ −lPl ρll  (3)

where k is the intrinsic permeability [m2], μl is the 
dynamic viscosity [Pa.s], krl is a coefficient depend-
ing on the degree of saturation (or suction), Pl is 
the liquid pressure, ρl is the liquid density [kg/m3] 
and g is the gravity acceleration [m/s2].

A critical relationship is the dependence of 
the permeability on the degree of saturation. It is 
introduced through the expression:

k S Srlk l lS SSlS −( ( ) )/1(− 2)1/ λ )λ λ)  (4)

known as Van Genuchten law, where λ is a shape 
parameter.

The transport of water in the gas phase can be 
decomposed in:

j igj
w

g
w

advection g
w

diffusion g
w

dispersion+advection( )igi
wigi
w ( )igi

w ( )igi
w  (5)

in which the first term represents the flux of water 
by motion of the gas phase and the second term 
the flux of water by diffusion of water vapour 
inside the gas phase (non-advective flow). Disper-
sion has been neglected.

Vapour diffusion is expressed by Fick’s law:

( ) ( )) (g
w

diffusion g g g
w

g
w∇φρ ωg
w  (6)

where Dw
g [m2/s] is the vapour diffusion coefficient 

and ∇ωgω wω  is the gradient of vapour concentration. 
Although gas motion was found to be negligible, 
vapour diffusion turned out to have a significant 
influence on the results.

The relationship between suction (pg − pl) and 
the liquid degree of saturation is modelled by the 
Van Genuchten retention curve:
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where λ* is a shape parameter, Srl is the residual 
saturation, Sls is the maximum saturation. P is the 
air entry value.

Finally, Kelvin’s law relates vapour concentration 
in the gas phase to water potential (suction):
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(8)

Mw is the molecular mass of water, R the univer-
sal gas constant and ψ is the total potential of the 
water that in this case coincides with the matric 
suction (gas pressure is assumed atmospheric and 
osmotic suction is not considered). The relative 
humidity (RH) is defined as the ratio of the par-
tial pressure of water vapour in the mixture to the 
saturated vapour pressure of water at a given tem-
perature. It can be related to θw

g through:

RH
pv

v

g
w

g
w= ⋅v = ⋅g

( )pv ( )g
w

0 0
100 100

θ w

w  (9)

where pv is the vapour pressure and subscript ()0 
stands for the saturated state.

Figure 5. History of the relative humidity in the incom-
ing air, inside the tunnel (mean) and measured in a sen-
sor 2 cm inside the rock. Vertical dotted lines indicate the 
times of the various drilling campaigns.
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4 MODEL FEATURES AND PARAMETERS

4.1 Model features

A plane strain domain representative of the central 
section of the ventilation test length was adopted 
for performing the coupled hydromechanical 
analyses required for the interpretation of the test 
(Figure 6). Both the ventilation test and the par-
allel New Gallery are present in the mesh. Initial 
pore water pressure distribution was taken as 
hydrostatic, reaching a value of 1.85 MPa at the 
microtunnel level (Bossart et al., 2004, Croisé et al., 
2004). The stress state is isotropic and its initial 
distribution is geostatic and equal to 4.9 MPa at 
the microtunnel level, the mean value suggested 
by Martin and Lanyon (2003). Because the micro-
tunnel is perpendicular to the bedding trace and 
bedding dip angle is small (25°), it is reasonable to 
assume anisotropy of permeability in the concep-
tual model using a higher permeability value in the 
horizontal plane that corresponds approximately 
to the bedding plan. Water flow due to osmotic 
gradients was found to have a negligible effect on 
results (Garitte & Gens 2007) and it is not consid-
ered in this paper. The hydromechanical history 
prior to the start of the Ventilation test (excavation 
of the New Gallery, excavation of the microtunnel 
and the subsequent Phase 0 period) was simulated 
to provide realistic initial conditions.

The key boundary condition, however, is the 
hydraulic condition at the tunnel surface bound-
ary. It is known that the average value of RH of the 
air is different from the RH of the rock close to the 
interface because of a complex set of phenomena 
often grouped under the name of skin effect. In the 
analyses, the concentration of vapour is prescribed 
at the tunnel wall via the following expression:

jgj
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⎝
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⎞⎞β ρg g(⎛

⎝
⎛⎛ ω ρg

w
g) − ( ωg
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(10)

where j wg [kg/s/m2] is the flux of water in the gas 
phase, the subscript ()0 stands for the prescribed 
values, ρg [kg/m3] is the gas density, ω wg is the mass 
fraction of water and gas and βg [m/s] is a coeffi-
cient that controls the velocity at which the bound-
ary values tend towards the prescribed values. For 
low βg values, equilibrium is not reached instanta-
neously and water is extracted more slowly. Note 
that, in accordance with equation (9), applying 
vapour concentration is equivalent to prescribing 
relative humidity. In the analyses, the values of βg 
have been selected in order to obtain a good agree-
ment with the RH values measured in a sensor in 
the rock located at 2 cm from the tunnel wall dur-
ing Phase 1. The values used have been 1E-3 for 
desaturation phases and 6E-3 in the resaturation 

phases. The same values have been retained for the 
analysis of Phase 2. The calculations have been 
performed using the CODE_BRIGHT simulator 
(Olivella et al., 1996).

4.2 Parameters

The parameters adopted for the analysis are based 
on some reference works (Bock 2001, Gens et al., 
2007) and on some additional information specific 
to the VE project (Mayor and Velasco 2008). The 
main ones are listed in Table 1.

Moreover, a laboratory drying experiment was 
set up before the start of the in situ VE (Floria et al., 
2002). Three Opalinus Clay samples were placed 
on balances in a drying chamber. All sample walls, 
except the top, were isolated in order to create con-
ditions as close as possible to 1D flow. The meas-
ured water losses in the three samples are presented 
in Figure 7. After 142 days, sample A had lost about 
150 gr from the initial 300 gr of water. Simulations 
were run to calibrate some parameters and to vali-
date the formulation. These simulations showed 
the importance of i) the value of water permeabil-
ity and its dependency on degree of saturation and 
ii) water transport through vapour diffusion. The 
first step of the calibration consisted in fitting the 
first days of the experiment to obtain the saturated 
permeability. The remaining time of the experiment 
is then used to calibrate the dependency of perme-
ability on degree of saturation (equation 4), a key 
aspect of the formulation. The influence of the sat-
uration dependency of permeability is illustrated 
in Figure 7, where λ is the shape parameter of the 
permeability—saturation relationship. For a value 
of one, permeability is constant and equal to the 
saturated value. For lower values of λ, permeability 
decreases with degree of saturation, the reduction 
being faster the lower the λ value is. As indicated 
by Figure 7, a value close to λ = 0.5 provides a good 
representation of the drying results. An additional 
simulation was run in which vapour diffusion was 
neglected. In this case, an unrealistic increase of the 
permeability by a factor of three was necessary to 
keep a good fit of the water loss, demonstrating the 
importance of water transport in vapour form.

Figure 6. Model domain used in analysis showing initial 
conditions.

CAICEDO.indb   36CAICEDO.indb   36 12/27/2012   4:57:28 PM12/27/2012   4:57:28 PM



37

As it is often the case in unsaturated soil mechan-
ics, the retention curve was also shown to have a 
significant influence on the results. Its parameters 
(Table 1) were determined based on the results of 
several experimental investigations (Gens 2000, 
Muñoz et al., 2003, Zhang & Rothfuchs 2005, 
Villar, 2007). Figure 8 shows the retention curve 
adopted. Porosity was chosen such that the water 
content of the saturated material is equal to 7.14% 
corresponding with the undisturbed water content 
of saturated Opalinus clay in the vicinity of the 
microtunnel (averaged from the different drilling 
campaigns). Permeability was taken anisotropic, 
with a lower value perpendicular to the bedding 
plane as suggested by the pattern of pore water 
pressure observations. Mohr-Coulomb strength 
parameters were determined using triaxial labora-
tory tests performed by Schnier (2005).

5 INTERPRETATION OF THE RESULTS

5.1 Boundary condition and global water balance

As stated above, there are significant differences 
between the relative humidity of the incoming air 
(prescribed) and the relative humidity measured 
in the tunnel and even larger differences with the 
relative humidity measured in a sensor placed 2 cm 
inside the rock. Hence, the value of the param-
eter βg of  the hydraulic boundary condition was 
adjusted to account for this difference using the 
measurements of phase 1. As shown in Figure 9, it 
has been possible in this way to reproduce satisfac-
torily the evolution of the relative humidity close 
to the surface of the tunnel, an essential require-
ment for a subsequent successful representation of 
the test results. It should be noted that the results 
obtained for Phase 2 are purely predictive.

The ventilation system includes an air blow-
ing device, with monitored air flow, temperature 
and air relative humidity on entry and exit. This 
allows the calculation of the water mass balance 
of the test section. Using the rock parameters and 
the hydraulic boundary condition determined as 
described before, an excellent simulation of the 
amount of water extracted from the test section is 
achieved (Figure 10). A parametric study of the in 
situ case also showed the important influence of 
the permeability value and its dependency on satu-
ration. Vapour diffusion was found to be some-
what less significant than in the laboratory drying 
experiment but certainly not negligible. The reason 
probably lies in the fact that, in the tunnel, water 
from the rock mass is available to partially replace 
the evaporation water losses causes by ventilation.

5.2 Evolution of relative humidity in the rock

In phase 1, the relative humidity in the rock mass 
was monitored by hygrometers placed between 
30 cm and 2.15 m from the tunnel wall. Before 
the experiment the likely position of the satura-
tion limit was assumed to be in that range, but it 
turned out to be an overestimation. Indeed, in that 
range, all hygrometers provided readings above 
95% which is outside the confidence limit of these 
devices. As a result, before phase 2, new hygrome-
ters were installed in the 30 cm adjacent to the tun-
nel wall allowing a much better characterization of 
the evolution and distribution of relative humidity 
of the rock in response to ventilation.

Figure 7. Water extracted in the laboratory drying test 
(three specimens).

Figure 8. Retention curve used in the analyses.

Table 1. Main Opalinus clay parameters.

Parameter Value

Porosity 0.162
Intrinsic permeability (parallel and 

perpendicular)
7 ⋅ 10−20 m2

1.4 ⋅ 10−20 m2

Liquid relative permeability, λ 0.52
Vapour diffusion coefficient 2.7 ⋅ 10−5 m2/s
Young modulus 7000 MPa
Poisson coefficient 0.2
Friction angle 19.3°
Cohesion 1.2 MPa
Biot coefficient 0.6
Air entry value* 11 MPa
Surface tension* 7.2 ⋅ 10−2 N/m
Shape parameter* 0.29

* Retention curve parameters.
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Figure 11 shows the observed and the computed 
results of the evolution of relative humidity for the 
sensors emplaced before the desaturation stage of 
Phase 2. It can be seen that the measured evolu-
tion of relative humidity is closely matched by the 
numerical model with the exception of the over-
estimation of the drying in the rock in the sensor 
placed 7 cm distance from the wall (r = 0.72 m).

5.3 Distributions of relative humidity, water 
content and degree of saturation in the rock

The distributions of the relative humidity with dis-
tance to the tunnel wall are shown in Figures 12a for 
the end of Phase 1 desaturation and in Figure 12b 
for the end of the stronger Phase 2 desaturation. It 
can be noted that relative humidity is clearly below 
100% only in the 40–50 cm close to the tunnel. It 
is also apparent that the model closely reproduces 
the measured distribution. It can be noted that two 
model results have been plotted corresponding to 
different line orientations. They are slightly differ-
ent because of the assumed anisotropy in perme-
ability. Examination of the precise distribution of 
relative humidity close to the tunnel surface was 
only possible in Phase 2 where more hygrometers 
had been added at short distances from the tun-
nel wall. A close-up of Figure 12b is presented in 
Figure 13, confirming the good representation of 
the relative humidity distribution by the numerical 
model.

In Figure 12, the measured pore pressures in 
the various piezometers placed in the rock are 

also shown together with the model computa-
tions again along different line orientations. It is 
apparent that for distances below 2–2.5 m the rock 

Figure 9. Evolution of the relative humidity in the 
incoming air, inside the tunnel and in a sensor 1 cm inside 
the rock. Observed and computed results.

Figure 10. Water extracted from the test section. 
Observed and computed results.

Figure 11. Evolution of relative humidity in the rock 
at 7 cm (r = 0.72 m), 17 cm (r = 0.82 m) and 22 cm 
(r = 0.87 m) distance from the tunnel wall.

Figure 12. Distribution of relative humidity and pore 
pressures in the rock. Observations and model results 
(dashed lines: vertical direction, dotted lines: horizontal 
direction, full line: 45° direction). a) At the end of 
Phase 1 desaturation period. b) At the end of Phase 2 
desaturation period.

Figure 13. Distribution of relative humidity in the rock 
close to the tunnel wall. Observations and model results 
(dashed lines: vertical direction, dotted lines: horizontal 
direction).
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is under suction; this is why all piezometers read 
atmospheric pressure. However, the piezometers 
at longer distances from the tunnel, installed after 
Phase 1, record positive values of pore pressures 
that are in fact in quite good agreement with model 
results (Figure 12b).

As mentioned above, boreholes were drilled at 
different times during the Ventilation Test in order 
to obtain direct measurements of water content 
at different distances from the tunnel. Figure 14a 
shows the water contents obtained at the end of 
Phase 2 desaturation stage. The average initial 
water content of the rock (7.14%) is also indicated 
in the Figure. It should be noted that drilling was 
accomplished about 10 days after finishing venti-
lation, but only very slight water content changes 
have taken place in such a short period that, in any 
case, has been taken into account in the model-
ling. It is apparent that this totally independent 
data confirm the fact that desaturation has only 
taken place in the 40–50 cm adjacent to the tunnel 
wall. Figure 14b presents the same data in terms of 
degree of saturation showing that in the rock adja-
cent to the tunnel degree of saturation fall down to 
values of 50%–60%. It is also noteworthy, that the 
numerical model provides a good representation 
of the test results in terms of water content and 
degree of saturation.

Taking into account all those results, it is use-
ful to distinguish two different zones around the 
tunnel for characterizing the effects of ventilation. 

There is a limited zone (maximum thickness about 
50 cm) where the material becomes unsaturated 
and a larger zone (extending to about 2.5–3 m from 
the tunnel wall) where the material is under suction 
but still saturated. Naturally, Opalinus clay, being a 
fine-grained material, can sustain significant suc-
tion values without becoming unsaturated. It is 
interesting to note (Garitte and Gens, 2012) that 
the suction zone already extended to about 2 m 
before the start of the ventilation test; so it has been 
extended only moderately by strong ventilation.

5.4 Displacements

Although it is expected that ventilation will gen-
erate small displacements only (especially if  com-
pared with excavation movements), extensometers 
were installed in the test section. Figure 15 shows 
the measured relative displacements between the 
tunnel wall and an anchor point 2 m inside the rock 
mass. The relative humidity of the incoming air is 
also plotted for reference. A clear pattern emerges: 
each wetting period induces an expansion of the 
rock mass around the tunnel whereas drying causes 
compression. The simulation represents quite well 
this tendency that is basically due to the changes 
in suction during the drying-wetting cycles. In any 
case, the magnitude of the displacements induced 
by the wetting—drying cycles is, as anticipated, 
small.

6 CONCLUSIONS

The long-term controlled ventilation test per-
formed at the Mont Terri underground laboratory 
has provided abundant data to examine the poten-
tial effects of ventilation in tunnels constructed in 
argillaceous rock. The field test results have been 
interpreted using a numerical model capable of 
simulating the relevant processes and the signifi-
cant features involved in the test.

Two different zones around the tunnel have been 
identified: a desaturation zone and a larger zone in 
which the argillaceous rock is under suction. The 
desaturation zone reaches only about 50 cm inside 
the rock in spite of the very low relative humid-
ity applied during ventilation. The suction zone 
extends to 2.5–3 m away from the tunnel wall but it 
appears that it has only been moderately enlarged 
by ventilation.

A coupled hydromechanical numerical model, 
based on a multi-phase formulation, has been able 
to reproduce successfully the pattern of observa-
tions of the test, both qualitatively and quantita-
tively. Critical features of the model are a realistic 
representation of vapour movement and the adop-
tion of a hydraulic boundary condition on the tun-
nel wall capable of accounting for skin effects.

Figure 14. Distribution of water content and degree of 
saturation in the rock at the end of Phase 2 desaturation. 
Observations and model results (dashed lines: vertical 
direction, dotted lines: horizontal direction).
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It is important to realize that, although the 
unsaturated zone is small in extent, it largely controls 
the progress of drying and other effects associated 
with ventilation. Therefore, features such as the 
relationship of relative permeability with suction, 
the retention curve or vapour diffusion play a key 
role in a proper study of the test. Consequently, 
unsaturated soil mechanics concepts are essential 
for a satisfactory interpretation and understanding 
of the test and, more generally, of ventilation 
effects in tunnels excavated in argillaceous media.
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ABSTRACT: Due to the improvements in our knowledge of unsaturated soil mechanics and in 
the measurement of soil suction, our understanding of compacted soils has improved considerably. 
The paper describes the physics that underlies the behaviour of compacted soils and its implications in 
terms of the hydraulic and mechanical behaviour of compacted soils. A resulting conceptual model is 
presented. Reference is made to practical implications.

water content wopt. On the same diagram, lines of 
equal degree of saturation can also be drawn as 
they depend only on soil particle density ρs. For 
the examples shown in Figure 1, the optimums cor-
respond to a degree of saturation of about 72%. It 
can also be noted that the compaction curves never 
reach the 100% degree of saturation curve, which 
means that some air remains trapped in the soil.

The bases of the compaction test were established 
by Proctor (1933) who expressed the relationship 
between compaction energy, water content and the 
resulting dry density in the form of the so-called com-
paction diagram. It is generally recognised that the 
compaction curve depends on the soil, the mode of 

1 INTRODUCTION

Compaction of soils is one of the most common 
activities in geotechnical engineering. However, it 
is generally recognised that the behaviour of com-
pacted soils is complex and, when it comes time to 
specifying compaction conditions for earthworks 
or to predict the behaviour of compacted soils, the 
geotechnical engineer is often perplexed. In recent 
years, however, the development of unsaturated soil 
mechanics and of technologies allowing for testing 
of unsaturated soils and measurement of suction 
have significantly improved our understanding of 
the behaviour of compacted soils. This paper aims 
to explain the physics that underlies the behaviour 
of compacted soils and to assess its implications in 
terms of hydraulic and mechanical behaviour when 
the soil is as-compacted, submerged and saturated. 
Aspects related to drying are not considered. Ref-
erence is made to some practical implications.

2 PHYSICS OF COMPACTED SOILS

Compaction is the densification of soils by appli-
cation of mechanical energy to expel air. In the 
laboratory, compaction can be performed stati-
cally, dynamically (by impacts) or by kneading. 
If  a soil is compacted at different water contents 
with a given type and amount of compaction 
effort, a compaction curve relating the soil’s dry 
density to its compaction water content can be 
drawn. As illustrated in Figure 1, the dry den-
sity (or dry unit weight) increases to a maximum 
value and then decreases as the compaction water 
content increases. The water content at which the 
maximum dry density is reached is the optimum 

Figure 1. Compaction curves obtained in Standard 
proctor and Modified Proctor compaction tests per-
formed on the same soil (fictitious data).
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compaction and the energy provided. As for the shape 
of the compaction curve, it has been attributed to the 
lubricating effect of water that facilitates the arrange-
ment of soil particles as water content increases, and 
explains the initial increase in dry density towards 
the maximum. However, as water content increases 
beyond the optimum, the relative volume of water 
increases and the dry density decreases. As will be 
shown later, an important factor influencing the dry 
density and fabric created by compaction is suction.

The most common compaction test is the Stand-
ard Proctor compaction test (ASTM D698-12) 
corresponding to an energy of 600 kN.m/m3. 
The Modified Proctor compaction test (ASTM 
D1557-12) involves an energy that is 4.5 times 
larger. As indicated in Figure 1, this results in a 
higher maximum dry density at a lower optimum 
water content. However, the degree of saturation at 
the optimum is not very different and the “line of 
optimums” is essentially a line of constant degree 
of saturation Sr-opt, of  about 72% on the figure. 
A soil compacted to a degree of saturation larger 
than that at the optimum is said to be compacted 
“wet of optimum” whereas a soil compacted to a 
lower degree of saturation is said to be compacted 
“dry of optimum”. As indicated in Figure 2, the 
Standard Proctor optimum water content of 
clayey soils is often close to their plastic limit, but 
the scatter is important. Fleureau et al. (2002) pro-
pose relationships between wopt and the liquid limit 
of clayey soils, wL; for the Standard Proctor opti-
mum, the relationship is the following:

Wopt = 1.99 + 0.46 wL – 0.0012wL
2 (1)

Figure 3 compares the values of dry density and 
water content of clayey soils obtained at the opti-
mum with the Standard and Modified Proctor tests.

The fabric of compacted soils has been widely 
studied, most often by mercury intrusion porosim-
etry. It has generally been observed that soils com-
pacted on the dry side of optimum have a bimodal 
pore-size distribution whereas soils compacted on 
the wet side of optimum have a single family of 
pores (e.g., Ahmed et al., 1974; Delage et al., 1996; 
Vanapalli et al., 1999; Watabe et al., 2000). When 
prepared on the dry side, aggregates of particles are 
formed and, as indicated, for example, by the test 
results obtained by Delage et al. (1996) on Jossigny 
silt (Fig. 4), there are two families of pores: intra-ag-
gregate pores or micropores (entrance pore radii of 
about 0.3 μm) and inter-aggregate pores or macro-
pores (about 4 μm). On the wet side, the soil fabric 
appears more homogeneous with a single family of 
pores: micropores (about 0.5 μm for the Jossigny 
silt). The optimum thus forms a transition and can 
appear with one or two families of pores. The soil 
fabric is directly reflected in the Water Retention 

Figure 2. Correlation between Standard Proctor opti-
mum water content and plastic limit. The black triangles 
correspond to the data used to produce Figure 8 (after 
Marinho & Olivera, 2012).

Figure 3. Correlations between the optimum water 
contents (a) and the maximum dry densities (b) of the 
Standard and Modified proctor compaction tests on 
clayey soils (after Chapuis, 2002).
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Curve (WRC) or Soil Water Characteristic Curve 
(SWCC). At a given void ratio, the air entry pressure 
(which directly reflects the size of the largest pores 
in the soil) is higher for specimens compacted on 
the wet side than for specimens compacted on the 
dry side (e.g., Vanapalli et al., 1999; Watabe et al., 
2000). This is further discussed and exemplified in 
Section 4.1 and Figures 18 and 19. These observa-
tions also mean that although specimens A and B 
in Figure 1 are at the same dry density (and thus 
at the same void ratio), they have different particle 
arrangements and may exhibit different behaviours 
given that they are on different sides of the optimum. 
It should also be noted that the aggregates formed 
by compaction dry of optimum generally have small 
pores (and thus a high air-entry value) and remain 
saturated for most practical applications.

Experience has also shown that the air phase is 
continuous on the dry side of optimum whereas 
air is occluded on the wet side of optimum, i.e. 
the air is in the form of bubbles and so discontinu-
ous. This can be verified by air permeability tests. 
Langfelder et al. (1968) tested five different soils 
with plasticity indices between 2 and 30%, and 
observed an abrupt decrease in air permeability 
when the water content approached the optimum 
water content (Fig. 5). Langfelder et al. (1968) 

Figure 4. Pore volume distributions (a) and density 
functions (b) for compacted specimens of Jossigny silt 
(after Delage et al., 1996).

Figure 5. Air permeability of a silt (a) and a plas-
tic clay (b) compacted at different water content (after 
Langfelder et al., 1968).

showed that these observations are essentially 
independent of the compaction method. This may 
confirm the hypothesis suggested by Olson (1963) 
that the maximum dry density is reached when the 
air permeability becomes so small that the remain-
ing air cannot be expelled and the dry density can-
not increase.

Fleureau et al. (2002), Ridley & Pérez-Romero 
(1998) and Sawangsuriya et al. (2008) reported suc-
tion measurements in compacted soils along com-
paction curves. Figure 6 presents compaction water 
content as a function of the logarithm of matric 
suction for 5 different clayey soils. These relation-
ships are linear and the slopes show a tendency to 
increase with the liquid limit. Test results obtained 
for La Verne clay (Fleureau et al., 2002) also show 
a linear relationship (Fig. 7). For some other soils, 
Fleureau et al. (2002) observed a change in slope 
of the relationship at the optimum. In all cases, 
however, the relationship was continuous at the 
passage of the optimum. In general, high values of 
matric suction are consistent with the aggregated 
fabric observed on the dry side of optimum. On 
the wet side, the lower values of suction result in 
weaker deformable aggregates and homogeneous 
particle arrangements.

The triangular and square symbols in Figure 8 
are the measured values of suction at the Stand-
ard Proctor optimum water content for a variety 
of soils. There is a tendency for suction to increase 
with the optimum water content, and indirectly 
with plasticity (Fig. 2), but the scatter is large. For 
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their own data, Fleureau et al. (2002) observed 
a smaller scatter and proposed the relationships 
shown by the dashed lines for Standard and Modi-
fied Proctor energies.

Results obtained by Gens et al. (1995), (Fig. 9), 
Marinho & Stuermer (1999) and others show that 

the post-compaction iso-suction curves are close to 
vertical in the compaction diagram when the soil is 
compacted to degrees of saturation significantly 
lower than that at the optimum and closer to the 
constant degree of saturation lines when com-
pacted at higher water contents. It should also be 
noted again that suction is relatively small on the 
wet side of the optimum whereas it is much larger 
on the dry side, where it increases with decreasing 
water content.

Tarantino & De Col (2008) and Caicedo 
et al. (2013) examined soil behaviour during 

Figure 6. Water content—matric suction relation-
ships for compacted soils (after Ridley & Pérez-Romero, 
1998).

Figure 7. Compaction curve and changes in suction 
with water content for La Verne material (after Fleureau 
et al., 2002).

Figure 8. Correlation between optimum water content 
and suction at optimum water content. Data points for 
Standard Proctor tests. Dashed lines were proposed by 
Fleureau et al. (2002) for Standard Proctor Optimum 
(SPO) and Modified Proctor Optimum (MPO) (after 
Fleureau et al., 2002 and Marinho & Olivera, 2012).

Figure 9. Compaction curves of a low plasticity silt for 
three values of static compaction stress with contours of 
equal suction (after Gens et al., 1995).
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one-dimensional static compaction. In both 
studies, Speswhite kaolin was used with wp equal 
to 32% and 30%, and wL equal to 64% and 55% in 
the respective studies. Tarantino & De Col (2008) 
prepared 7 samples at water contents varying from 
21.5% to 31.1%, on the dry side of optimum, and 
statically compacted them by applying loading-un-
loading cycles of 300, 600, 900 and 1200 kPa with 
unloading to 14 kPa. The unloaded conditions 
were referred to as “post-compaction” by Taran-
tino & De Col (2008). The fact that the compaction 
conditions were on the dry side of optimum was 
confirmed by the bimodal pore-size distributions, 
even if  at a water content of 31%, the inter-aggre-
gate pores had almost disappeared. As no drain-
age was provided during the tests, water content 
remained constant. Figure 10 presents the results 
obtained at a water content of 25.4%. Figure 10a 
shows the void ratio against the vertical applied 
stress. It clearly defines a virgin compression curve 
(1–2–5–8–11) and essentially reversible unloading-
reloading paths (e.g., 5–6–7). It also confirms that 
compaction is a preloading process of the soil by 
air expulsion. Figure 10b shows the measured mat-
ric suctions, s, against the degree of saturation Sr. 
The suction decreases as the soil is compressed 
along the virgin compression curve from 780 kPa 
to 640 kPa while the degree of saturation increases 
from 0.37 to 0.69. However, after unloading to 
14 kPa (3–6–9–12), the “post-compaction” suction 
is essentially constant at about 820 kPa. The Sr ver-
sus s paths followed for different compaction water 
contents are presented in Figure 11a. While suc-
tion measured along the virgin compression lines 
decreases as the degree of saturation increases, the 
“post-compaction” suction (dashed lines) varies 

only slightly when the applied load increases. This 
latter aspect is discussed by Vaunat et al. (2000), 
Tarantino & Tombolato (2005) and Tarantino & De 
Col (2008). Tarantino & De Col (2008) also present 
the void ratio as a function of the “average skel-
eton stress ′′σ ′′′v vσσ v r( )′′= +′σ ′′ σvσσ v r+ sSr ” (Fig. 11b). It can be 
seen that at a given void ratio the smaller the water 
content (thus the higher the suction, Fig. 11a), the 
larger is the “average skeleton stress ′′σ ′′vσσ ”.

It is worth noting that the order of the compres-
sion curves is the same when the total vertical stress 
σv (or σv – ua) is used in place of ′′σ ′′vσσ . Caicedo et al. 
(2013) observe similar behaviour. This is consistent 
with the results presented by Barbosa & Leroueil 
(1998) showing that the larger the suction, the 
larger the total vertical stress at a given void ratio 
on the virgin compression curves.

Caicedo et al. (2013) performed static compac-
tion tests on Speswhite kaolin in a special oedom-
eter cell equipped for measuring axial and radial 
stresses, water content and suction. The specimens 
were subjected to loading-unloading cycles under 
controlled rate of strain up to total axial stress of 
1500 kPa. Unloading was performed to a minimum 
axial stress of 20 kPa. After the last unloading, 
the specimens were subjected to wetting. On one 
additional compaction test performed at a water 
content of 10%, wetting was performed before 
unloading, under an axial load stress of 1500 kPa. 
Several remarks can be made:

− Figures 12a and b show the compression curves 
for the samples compacted at a water content of 
10%. The suction measured at the end of com-
paction was about 1000 kPa. The changes in void 
ratio associated with wetting under a vertical 

Figure 10. Compaction tests for specimen of Speswhite kaolin at w = 25.4%: (a) void ratio versus vertical stress; (b) 
degree of saturation versus matric suction (after Tarantino & De Col, 2008).
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stress of 1500 kPa for one sample (Fig. 12a) and 
under 20 kPa for the other sample (Fig. 12b) 
correspond to a collapse for the first one and 
to a swelling for the second corresponding to a 
change in void ratio of about 0.20.

− Figures 12c and d show the corresponding 
stress paths for the tests performed at w = 10%. 
Each cycle extends the vertical yield stress and 

consequently the limit state of the soil. The stress 
ratio σh/σv, that is about 0.33 when unsaturated 
under σv = 1500 kPa increases to about 0.43 dur-
ing wetting.
Sridharan et al. (1971) provide an interesting 

insight into the evolution of soil fabric during the 
compaction process for a kaolinite with wp = 36% 
and wL = 62%, thus close to the corresponding 

Figure 11. Compaction tests on Speswhite kaolin at different water contents: (a) degree of saturation versus matric 
suction; (b) void ratio versus average skeleton stress (after Tarantino & De Col, 2008).

Figure 12. Compression curves obtained during compaction of Speswhite kaolin at water content of 10% and wetted 
under a vertical stress of 1500 kPa (a) and 20 kPa(b). Figures (c) and (d) present the corresponding stress paths (after 
Caicedo et al., 2013).
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values of the kaolinite used by Tarantino & De 
Col (2008). Sridharan et al. (1971) mixed water 
with kaolin at a water content of 21% and then 
statically compacted the soil to void ratios between 
0.85 and 0.56 (0.85, 0.74, 0.69, 0.59 and 0.56) cor-
responding to degrees of saturation of 64, 74, 
80, 93 and 100% respectively (values indicated by 
Delage, 2009). They then determined the pore-
size distribution of the soil specimens by mercury 
intrusion porosimetry. Delage (2009) expressed 
Sridharan et al.’s data in a pore volume vs entrance 
pore diameter diagram (Fig. 13). These results can 
be interpreted as follows: in the early stages of the 
compaction process, the soil is made of aggregates 
and shows a bimodal pore size distribution with 
intra-aggregate pores and inter-aggregate pores. 
The soil is then at degrees of saturation smaller 
than the degree of saturation Sr–opt, thus on the dry 
side. With an increase of the compaction effort, the 
degree of saturation increases to values that may 
exceed Sr–opt (Sr = 93 and 100%) and the aggregates 
progressively deform to close the inter-aggregate 
pores that become almost non-existent whereas the 
intra-aggregate pore space remains constant. The 
soil then has a homogeneous fabric characteristic 
of the wet side. Thom et al. (2007) observed similar 
results.

The results obtained on glacial tills (Vanapalli 
et al., 1999; Watabe et al., 2000), Speswhite kaolin 
(Thom et al., 2007) and Barcelona silty clay (Alonso 
et al., 2012) indicate that soils compacted on the 
dry side of optimum preserve their bimodal pore-
size distribution under wetting. Further evidence 
for this is provided in Section 4 on hydraulic char-
acteristics. However, results presented by Monroy 
et al. (2010) show limitations to the previous state-
ment. Monroy et al. (2010) examined the evolution 
of the pore-size distribution of compacted weath-
ered London clay (Ip = 54%) under wetting. Speci-
mens were statically compacted on the dry side of 
optimum. After compaction, the matric suction 
was of about 1 MPa and the soil showed a clear 
bimodal pore size distribution with inter-aggregate 
pores with an average entrance pore diameter of 
about 17 μm and intra-aggregate pores with an 
average entrance pore diameter of about 0.11 μm 
(Fig. 14). Some specimens were wetted to matric 
suctions of 470, 150, 40 and 0 kPa before being 
subjected to mercury intrusion porosimetry tests 
(Fig. 14). The results show that when the matric 
suction decreases: (a) there is an increase in void 
ratio; (b) there is an increase of the intra-aggregate 
pore space and of the corresponding entrance pore 
diameter; (c) from 1 MPa to 40 kPa of matric suc-
tion, the soil keeps a bimodal pore size distribution 
with an almost unchanged inter-aggregate pore 
space; and (d) it is only when suction drops from 
40 kPa to 0 kPa that the inter-aggregate pore space 

collapses and that the soil then presents a single 
pore size centered around an average entrance pore 
diameter of about 1.7 μm.

3 GENERAL QUALITATIVE MODEL 
FOR COMPACTED SOILS

From the observations reported in Section 2 and 
others, it is possible to define a general qualitative 
model for compacted soils. This model is depicted 
in Figure 15. It divides compacted soils into two 
main classes, those compacted on the dry side of 
optimum (to Sr < Sr–opt) and those compacted on 

Figure 13. Pore size distribution curves of kaolin sam-
ples compacted at various densities with the same water 
content of 21% (after Sridharan et al. (1971) and Delage 
(2009)).

Figure 14. Pore size distribution and density function 
for samples of weathered London clay compacted to a 
void ratio of 0.961 and then wetted under different suc-
tions (after Monroy et al., 2010).
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Figure 15. Synthesis of the behaviour of compacted soils, from just after compaction to saturated conditions.
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the wet side (to Sr > Sr–opt). The line of optimums 
is a transition line. This model may have limita-
tions in the case of expansive clays in which the 
aggregates formed by compaction on the dry side 
swell upon wetting, become more deformable and 
may fill the space between aggregates, as dem-
onstrated by Monroy et al. (2010) on compacted 
London clay. The proposed model is thus thought 
to apply mostly to low plasticity soils. Also, there 
are aspects of the behaviour of compacted soils 
that are not considered herein, for example, drying 
of compacted soils just after compaction or after 
saturation.

3.1 After compaction (Fig. 15a)

The as-compacted material is subjected to rela-
tively high suctions on the dry side of optimum 
whereas on the wet side, suction is lower and con-
sequently, the soil more deformable. As a result, the 
soil compacted on the dry side has an aggregated 
fabric with intra-aggregate pores (or micropores) 
and larger inter-aggregate pores whereas the soil 
compacted on the wet side is much more homoge-
neous with micropores only. The air phase is con-
tinuous on the dry side whereas air is occluded on 
the wet side. An important consequence is that the 
mechanical behaviour is controlled by unsaturated 
soil mechanics (i.e. (σ − ua), (ua − uw) and possibly 
Sr) on the dry side whereas on the wet side, menisci 
have no or little influence on the mechanical 
behaviour that should then be controlled by effec-
tive stresses (σ − uw) and a compressible pore fluid 
(see Section 5.1).

3.2 During wetting or submergence (Fig. 15b)

Le Bihan & Leroueil (2001) compacted non plas-
tic LG2 till specimens (7% clay; Sr-opt = 75%) to 
degrees of saturation varying between 0 and 84% 
and then percolated water through the specimens 
from bottom to top. As indicated by the setup A 
on Figure 16b, the specimen was covered by a cap 
with a small hole, providing a limited access to the 
atmosphere. After percolating water through the 
specimen, the cap was removed and the degree 
of saturation was determined. The so-called sub-
mergence degrees of saturation, Sr-sub, are shown 
on Figure 16a against the as-compacted degree of 
saturation. It can be seen that for initial degrees 
of saturation smaller than the optimum, Sr-opt, the 
degree of saturation has increased to a value that is 
close to that at the optimum, i.e. about 80%. This 
means that about 20% of the pore volume of the 
LG2 till is filled with trapped air after submergence. 
For initial degrees of saturation equal to or larger 
than that at the optimum, the degree of saturation 
remains essentially unchanged after submergence, 
meaning that in these cases too, about 20% of the 
pore volume is filled with trapped air. Wetting 
results of Porterville clay (Fig. 17) also show that 
the final conditions (dark triangles) are not at a 
degree of saturation of 100% but rather at a degree 
of saturation close to that at the optimum.

The trapped air is in the form of bubbles at 
pressures larger than atmospheric pressure. Con-
sequently, and according to Fick’s law, the air will 
move by diffusion from the bubbles towards the 
atmosphere, progressively increasing the degree of 
saturation of the soil. This has been demonstrated 

Figure 16. (a) Degree of saturation at submergence versus the compaction degree of saturation for LG2 glacial till; 
(b) Evolution of the degree of saturation after starting water flow into two samples of LG2 till (after Le Bihan & 
Leroueil, 2001).
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on specimens LG2-F-09 and LG2-F-10 when the 
cap of setup A has been removed and only a thin 
layer of water was covering the soil (setup B). As 
access to atmosphere was then facilitated, diffu-
sion of the occluded air towards the atmosphere 
became easier and, as shown in Figure 16b, the 
degree of saturation increased more rapidly with 
time towards 100%.

During wetting or submergence, water becomes 
available and this has several consequences: on 
the wet side, suction decreases in a swelling proc-
ess controlled by the coefficient of consolidation/
swelling, cvs, of the soil along a decreasing effec-
tive stress path; on the dry side, as the air phase is 
continuous, the reduction in suction is associated 
with a double process: invasion of the macropo-
res with water and swelling of the aggregates (see 
Gens & Alonso, 1992; Alonso et al., 2001; Ferber, 
2006). Since the macropores may collapse dur-
ing the wetting process, due to the disappearance 
of the menisci, the final result can be a global 
swelling or global collapse of the compacted soil. 
Figure 17 shows volume changes associated with 
wetting of compacted Porterville clay specimens. 
Under the small applied stress of 7 kPa, all the vol-
ume changes are an expansion.

3.3 After wetting or submergence (Fig. 15c)

Some occluded air is generally trapped in the soil 
whatever the initial degree of saturation. As a con-
sequence, the mechanical behaviour of the soil 
should be controlled by effective stresses (σ – uw) 
and compressible pore fluid.

3.4 After saturation (Fig. 15d)

Because of the presence of macropores on the dry 
side of optimum, and as discussed in more detail 
in Section 4, the saturated hydraulic conductivity 
of compacted soils is larger when the soil has been 
compacted on the dry side than on the wet side. 
However, as previously indicated, that could be dif-
ferent in high plasticity clays.

As for the mechanical behaviour, the soil being 
saturated, it is obviously controlled by effective 
stresses whether the soil has been compacted on 
the dry side or the wet side of optimum.

4 HYDRAULIC BEHAVIOUR 
OF COMPACTED SOILS 
AND IMPLICATIONS

4.1 Water retention curves

The soil-water characteristic curve (SWCC) or water 
retention curve (WRC) is the relationship between 
the amount of water in the soil (gravimetric or vol-
umetric water content or degree of saturation) and 
matric suction (ua – uw); it is obtained by progressive 
drying of an initially saturated soil (primary drying 
curve ABC in Fig. 18); the suction value at which 
air penetrates into the soil is the air-entry pressure 
or air-entry value (AEV on Fig. 18). Upon wetting, 
there is a hydraulic hysteresis (primary wetting 
curve C to D to A or E in Fig. 18). If  wetting is rela-
tively rapid, and as shown in Figure 16, some air is 
trapped, the wetting curve apparently goes towards 
a degree of saturation at submergence, Sr-sub, that is 
smaller than 1.0. The word “apparently” is used as, 
in fact, some air (1 − Sr-sub) is in the form of bubbles 
at a pressure ua larger than the pressure of the sur-
rounding water. It is only with time and diffusion 
of air through water that the degree of saturation 
can progressively increase to 1.0.

Practical implications. The fact that after sub-
mergence some air remains trapped has practical 
implications: in the modelling of infiltration, the 
wetting curve with a submergence degree of satu-
ration should be considered; in the evolution of 
pore water pressure in earth dams with time, the 
trapped air temporarily gives higher pore water 
pressures than indicated by steady-state conditions 
with, in particular, a larger downstream gradient 
(Le Bihan & Leroueil, 2002).

Figure 19 shows SWCC curves obtained on a 
non-plastic glacial till compacted to degrees of sat-
uration smaller or larger than that at the optimum. 
It can be seen that the compaction conditions have 
an important effect on the SWCCs. The air-entry 
pressure is about 7 times smaller on the dry side of 
the optimum than on the wet side, directly reflecting 
the size of the largest pores in the soil, macropores 

Figure 17. Expansion of Porterville clay under an 
applied load of 7 kPa for various placement conditions 
(after Holtz & Gibbs, 1956).
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on the dry side and micropores on the wet side. 
Vanapalli et al. (1999) found similar results on 
Indian Head till (Ip = 19%). As shown on Figure 20, 
the air-entry pressure decreases from 100 to 80 kPa 
as the void ratio increases on the wet side of opti-
mum whereas it is between 35 and 4 kPa on the 
dry side. As for the conditions at the optimum, it 
is a transition between the dry and wet sides, which 
means that the soil at the optimum can have either 
a bimodal pore size distribution (with macropores 
and micropores: dry side) or a unimodal pore-size 
distribution (micropores only: wet side).

4.2 Hydraulic conductivity of the soil unsaturated

For the unsaturated as-compacted material, the 
hydraulic conductivity kunsat is lower than the 
saturated hydraulic conductivity ksat. The ratio 
kunsat/ksat is defined as the relative conductivity kwr. 

This latter parameter is generally estimated from 
more easily measured water retention data (Bur-
dine, 1953; Brooks & Corey, 1964; Van Genuchten, 
1980; Fredlund et al., 1994; Watabe et al., 2006). 
According to Brooks & Corey (1964), it can be 
estimated as follows:

kwr = kunsat/ksat = Sre
α (2)

where Sre = (Sr − Srr)/(1 − Srr) is the effective degree 
of saturation. Srr is the residual degree of satura-
tion. α is a soil parameter. In general α increases 
from a value of about 3 for uniform soils to larger 
values in well graded soils, between 5 and 7 in east-
ern Canada tills (Le Bihan & Leroueil, 2001).

4.3 Saturated hydraulic conductivity

Approximately, the hydraulic conductivity of satu-
rated soils varies with the square of the size of the 
pores and is thus mostly influenced by the size of the 
largest pores. Consequently, the variation in hydrau-
lic conductivity with compaction water content 
amplifies the differences in pore size. As an example, 
for the glacial till tested by Watabe et al. (2000), the 
largest pores are typically 8 times larger on the dry 
side than on the wet side (Fig. 19) and the saturated 
hydraulic conductivity is, as shown on Figure 21d, 
about two orders of magnitude larger. Such a change 
in saturated hydraulic conductivity from the dry side 
to the wet side of optimum has been observed for a 
large variety of compacted soils (Fig. 21): glacial tills 
(Watabe et al., 2000; Leroueil et al., 2002); silty clays 
(Mitchell et al., 1965; Alberro et al., 1985; Daniel 
& Benson, 1990); loess (Rinaldi et al., 2006); sandy 
clay (Lambe & Whitman, 1969); sand and clay mix-
tures (authors’ files). The phenomenon is thus very 
common, at least for low or medium plasticity soils 
that keep their bimodal pore-size distribution when 

Figure 18. Retention of water in soils (schematic figure).

Figure 19. Soil-water characteristic curves of LG2 till 
compacted to different conditions (after Watabe et al., 
2000).

Figure 20. Air-entry pressure versus initial void ratio 
from the soil-water characteristics obtained on Indian 
Head till (after Vanapalli et al., 1999).
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they become saturated. It is also very important as 
the hydraulic conductivity at a given dry density or 
void ratio may vary by several orders of magnitude 
in some soils (Fig. 21).

Practical implication. A practical implication of 
the influence of compaction conditions is the in situ 
behaviour of clay liners. In order to have the lowest 
possible hydraulic conductivity, the clays used as 
hydraulic barriers should be compacted on the wet 
side of optimum (Daniel & Benson, 1990; Leroueil 
et al., 1992). Examining the behaviour of 85 clay lin-
ers in the United States, Benson et al. (1999) noted 
that 26% did not satisfy the requirement of k ≤ 10−9 
m/s and that in most cases, the primary cause was 
compaction on the dry side of the optimum.

Practical implication: Although the authors 
do not have the evidence, because inter-aggregate 
pores existing in soils compacted on the dry side 
are larger than the pores on the wet side, a given 
soil should be more prone to internal erosion if  
compacted on the dry side of optimum.

5 MECHANICAL BEHAVIOUR 
OF COMPACTED SOILS 
AND IMPLICATIONS

5.1 After compaction

Undrained shear strength. The undrained shear 
strength Su of the as compacted soil decreases as the 

compaction water content increases. An example 
is given in Figure 22 for kaolinite (Seed & Chan, 
1959). In addition, it can be seen that specimens 
compacted dry of optimum have brittle stress-
strain behaviour whereas the stress-strain behav-
iour is ductile with the maximum deviatoric stress 
reached at large strain for specimens compacted on 
the wet side. The strength of unsaturated soils can 
generally be expressed as follows:

τf = c’ + (σ − ua) tg φ’ + f(ua − uw). (3a)

It can also be written as the sum of the strength 
in saturated conditions and of a component 
depending on matric suction:

τf = τf-sat + f(ua − uw). (3b)

The decrease in strength when water content 
increases can then be mostly explained by the 
decrease in suction (refer to Figs. 6 and 7); for the 
results in Figure 22, it can also be partly explained 
by the higher void ratios of the samples compacted 
on the wet side of optimum. Equation 3 explains 
why specimen (2) on Figure 22 has an undrained 
shear strength that is more than four times larger 
than the strength of specimen (6) at essentially the 
same dry density and void ratio.

Figure 23 shows Su plotted as a function of (w − 
wopt)/Ip (with wopt being the optimum water content 

Figure 21. Variation of the saturated hydraulic conductivity of three soils as a function of compaction conditions: 
(a) and (b) silty clay (Mitchell et al., 1965); (c) and (d) non plastic till (Watebe et al., 2000); (e) and (f) loess (Rinaldi 
et al., 2006).
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Figure 22. (a) Influence of molding water content on the dry density; and (b) stress-strain relationships for compacted 
samples of kaolinite subjected to unconsolidated-undrained triaxial compression tests (after Seed & Chan, 1959).

Figure 23. Undrained shear strength against (w − wopt)/Ip, wopt being the water content at the Standard Proctor 
Optimum.

obtained in Standard Proctor compaction tests) 
for a large variety of clayey soils. There is a strong 
tendency for Su to decrease as (w – wopt)/Ip increases. 
There is however a large scatter that probably reflects 
the variations of suction at the optimum water con-
tent (refer to Fig. 8). At the optimum, ((w − wopt)/
Ip = 0), the undrained shear strength varies between 
80 and 200 kPa with an average of 140 kPa.

This is consistent with the observations that wopt 
obtained from Standard Proctor compaction tests 
is close to wp (Figure 2) and that the undrained 

shear strength at the plastic limit has often been 
reported close to that value. On Figure 23, the 
undrained shear strength seems to continuously 
increase as water content decreases, but this is not 
always the case in non-plastic or low plasticity soils 
(Escario & Juca, 1989; Fredlund et al., 1996; San-
tucci de Magistris & Tatsuoka, 2004).

In a silty clay (Ip = 14%), Seed & Chan (1959) 
showed that the compaction method has little influ-
ence on the undrained shear strength and shrinkage 
characteristics for specimens compacted on the dry 
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side of optimum. On the other hand, the compaction 
method has an important effect on the measured 
stiffness and shrinkage for specimens compacted on 
the wet side of optimum. The strength at 5% strain 
increases up to four times in the following order: 
kneading, impact, vibratory and static; shrinkage 
increases in the following order of compaction 
methods: static, vibratory and kneading.

Practical implication. Su vs (w − wopt)/Ip relation-
ships can be used to relate the in situ compaction 
water content to the bearing capacity under com-
paction and earthmoving equipments.

Limit state curves. The limit state curve defines 
the domain in which the soil is essentially elastic. 
It also provides the isotropic yield stress, the one-
dimensional yield stress and the strength of the 
soil. Camapum de Carvalho (1985) was one of the 
first to study the limit state curve of a compacted 
soil, the Leyrac marl. The marl was compacted 
under two conditions, Optimum Standard Proctor 
(Soil A: γd = 19 kN/m3) and slightly denser than 
optimum conditions (Soil B: γd = 20 kN/m3), and 
were tested as-compacted. The results showed: 
that the limit statecurve of Soil B is larger than 
that of Soil A; and that the two limit state curves 
reflect the anisotropy of the compacted soil. It has 
been shown since that time that the size of limit 
state curves increases with suction, as shown for 
example in Figure 24 for compacted Jossigny silt 
(Cui & Delage, 1996). These results confirm the 
anisotropy induced by the compaction process. 
Jotisankasa et al. (2009) found similar results. 
Also, as indicated by Alonso & Pinyol (2008), the 
yield stress under saturated conditions increases 
with dry density.

Practical implication. Anisotropy and the cor-
responding shape of the limit state curve of com-
pacted soils imply that under isotropic or horizontal 
loading, the yield stress is much lower than the ver-
tical yield stress.

Small strain shear modulus. Sawangsuriya et al. 
(2008) examined the small strain shear modu-
lus of three different soils (lean clay, Ip = 24; silt, 
Ip = 11 and clayey sand, Ip = 14) compacted using 
Standard Proctor effort. The clayey sand was also 
compacted under reduced and enhanced Proctor 
efforts. The results showed that the small strain 
shear modulus depends primarily on matric suc-
tion and to a lesser extent on molding water con-
tent and dry unit weight. Sawangsuriya et al. (2008) 
compiled data obtained by several authors and 
plotted a normalised small strain shear modulus 
Gmax value against a normalised water content, w/
wopt.std (Figure 25). There is some dispersion of the 
data. However, there is a clear tendency for Gmax to 
decrease when w increases, from a typical ratio of 
1.4 at a normalised water content of 0.7, to 0.4 at a 
normalised water content of 1.3. This is mostly due 

to the change in suction. As for strength, the small 
strain shear modulus of some soils may decrease 
as the compaction water content becomes low.

Gmax of compacted soils has also been measured 
by numerous authors at different matric suctions 
or degrees of saturation, and under different 
applied stresses (Wu et al., 1984; Pintado, 1993; 
Vinale et al., 2001). Figure 26 presents typical 
results obtained by Vinale et al. (2001) on Metrano 

Figure 25. Normalised small strain shear modulus ver-
sus normalised water content relationship for a variety of 
compacted soils (after Sawangsuriya et al., 2008).

Figure 24. Limit state curves of the compacted Jossigny 
silt at various suctions (from Cui & Delage, 1996).
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silty sand compacted at the optimum. Analysis of 
the results (Leroueil & Hight, 2002) shows that 
all the results can be written in the form of the 
following equation, similar to Eq. 3b:

Gmax = Gmax.sat + g(ua − uw) (4)

General mechanical behaviour. As mentioned 
above, the air phase is continuous for specimens 
compacted on the dry side whereas air is occluded 
for specimens compacted on the wet side. This 
has a major influence on models controlling the 
mechanical behaviour of compacted soils. When 
the air phase is continuous, the behaviour is to a 
large extent controlled by the air-water menisci. As 
indicated by Tarantino (2011), two generations of 
constitutive models have been formulated for these 
conditions: the first one has been formulated in 
terms of net stress (σ − ua) and suction (ua − uw) 
(e.g., Alonso et al., 1990; Wheeler & Sivakumar, 
1995; Cui & Delage, 1996); the second has included 
the degree of saturation as a generalised stress 
variable (e.g., Wheeler et al., 2003; Gallipoli et al., 
2003; Tamagnini, 2004).

Romero & Vaunat (2000), Tarantino & Tom-
bolato (2005) and Alonso et al. (2010, 2012) sug-
gested that, for a soil made up of aggregates, the 
mechanical behaviour of the unsaturated soil is 
controlled by the water partially filling the inter-
aggregate pores or macropores. They thus defined 
a degree of saturation of the macropores, Sr−M as 
follows:

S
e e
e er MSS w we m

wm
=

 
(5)

where e is the void ratio, ew is the water ratio (vol-
ume of water/volume of solids) and ewm is the water 

ratio of the intra-aggregate pores or micropores. 
Equation 5 can also be written in terms of the cor-
responding degrees of saturation:

S
S S

Sr MS r rS SS m

rmS
=

−1
 (6)

Alonso et al. (2010 and 2012) then proposed a 
so-called “constitutive stress”, σ , controlling soil 
behaviour as follows:

σ σ −σ −u S+a rS+ M a w( )− u−au w  (7)

with Sr−M = 0 when Sr ≤ Srm (condition 7–1).
Equations 5 to 7 imply that the effective stress 

σ’ = σ − uw applies only when Sr−M = 1.0, i.e. when 
the soil is saturated and Sr = 1.0. It is thought, and 
as indicated above, that the concept of effective 
stress applies as soon as the degree of saturation 
is such that gas becomes occluded. In the context 
of compacted soils, that means that the concept 
of effective stress applies when Sr ≥ Sr−sub or Sr−opt. 
So, the possibility of replacing 1 by Sr-opt in Equa-
tion 6 should be considered. To the above condi-
tion 7–1, should then be added the condition 7–2: 
Sr−M = 1 when Sr ≥ Sr−opt in order to ensure continu-
ity in the mechanical behaviour of the soil.

When soils are compacted wet of their opti-
mum, air is trapped in the form of occluded bub-
bles, resulting in the soil having a compressible pore 
fluid, which, in turn, means that the compacted 
soil is compressible under undrained conditions, 
Skempton’s pore pressure parameter B is then less 
than 1.0, compressional wave velocities are dras-
tically reduced (Rebata-Landal & Santamarina, 
2012), and consolidation and swelling are slower 
than for the same soil when saturated (Vaughan 
1978). The pore air pressure in occluded bubbles 
has little influence on effective stress so that the 
strength of the soil compacted wet of optimum 
is controlled by the conventional effective stress, 
σ−uw, and its effective stress strength parameters 
are the same as for the same soil when saturated 
(Vaughan, 2003).

5.2 During wetting or submergence

During wetting or submergence, the matric suc-
tion and the strength of  the soil decrease (Eq. 3). 
For soils compacted on the wet side, the behav-
iour being controlled by effective stresses, wet-
ting is associated with a decrease in effective 
stresses and thus with some swelling (controlled 
by the swelling index of  the material). For soils 
compacted on the dry side and made up of  aggre-
gates, the reduction of  suction has two effects: 
swelling of  the aggregates and change in volume 

Figure 26. Initial shear modulus versus matric suction 
in suction controlled torsion shear tests on Metramo 
silty sand compacted at the optimum (after Vinale et al., 
2001). Note that curves have been redrawn.
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of the macropores. The amount of  swelling of 
the aggregates depends on the as-compacted suc-
tion and on their swelling index. Given that the 
as-compacted suction increases when the com-
paction water content decreases, the smaller the 
compaction water content and the larger the dry 
density, the larger is the swelling strain. This is 
illustrated in Figure 17. The change in volume of 
the macropores results from the fact that with the 
reduction in suction, the aggregates soften and 
their inter-aggregate forces decrease. The aggre-
gates may then move, deform, and partially close 
the inter-aggregate pores.

The schematic representation shown in Figure 27 
can help in understanding the volume changes of 
compacted soils under wetting. Consider a soil 
with the compaction curve shown on Figure 27a 

and its compression curve, when soaked (s = 0), as 
shown on Figure 27b (This compression curve is 
assumed to be independent of compaction condi-
tions, which may not always be the case, as indi-
cated by Alonso et al., 2012). Soil specimen (a) 
compacted on the wet side of optimum is at a low 
suction, say 50 kPa. Its compression curve is thus 
the 50 kPa curve shown on Figure 27b. For speci-
men (b), at the same dry density and void ratio but 
compacted on the dry side, the suction is higher, 
say 1000 kPa, and the corresponding compression 
curve is as shown on Figure 27b.

If  both specimens (a) and (b) on figure 27 are 
loaded up to σvf2 before being soaked, their behav-
iour will typically be as follows:

− For (b), from b to b1, the soil is in its pre-yield 
domain and the change in void ratio is small; 
from b1 to b2 (at σvf2), the soil is on its compres-
sion curve. When soaked, the specimen moves to 
the 0 kPa compression curve, at point b3, and 
shows a large change in void ratio.

− For (a), the soil will be in its pre-yield domain 
until a1 and on its compression curve from a1 to 
a2 (at σvf2). When soaked, the specimen will move 
to a3, on the 0 kPa compression curve, show-
ing a much smaller change in void ratio than 
specimen b.

Consider now specimens such as (c) and (d) 
compacted on the dry side of optimum that are 
first loaded to σvf1 and then soaked. As indicated 
in Figure 27b, at d1, the soil is in a loose condition 
and above the 0 kPa compression curve; it will thus 
collapse to d2 under soaking. On the other hand, c1 
is below the 0 kPa compression curve and will thus 
swell under soaking.

Figure 28. Compression curves for K0 triaxial and oed-
ometer tests performed on Lower Cromer Till specimens 
loaded in soaked condition, unsaturated condition and 
soaked after loading to some stress (after Maswoswe 
et al., 1992).

Figure 27. One dimensional behaviour of compacted 
soils subjected to loading and to wetting (schematic 
figure).
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The situation of specimens such as (b) can be 
illustrated by results presented by Maswoswe et al. 
(1992). These authors one dimensionally and 
statically compacted specimens of low plasticity 
Lower Cromer till. The water content was 11.0% 
and the soil was compacted to a loose condition 
at an average void ratio of 0.66. Compression test 
results are shown in Figure 28. Specimen 16 A was 
soaked and loaded; specimen 16D was compressed 
without soaking; and specimens SK1, SK2 and 
16B were compressed to different vertical stresses 
before being soaked. It can be seen that these lat-
ter specimens follow the unsoaked compression 
curve and collapse to reach the soaked compres-
sion curve when wetted. Alonso et al. (2012) report 
similar results. Charles (2008) also shows the col-
lapse of several poorly compacted fills that col-
lapse under wetting.

The results obtained by Noorany & Stanley 
(1994) and presented in Figure 29 illustrate the 
influence that an applied load may have on the 
behaviour of a compacted soil when soaked. In 
Figure 29a, the applied load is of 24 kPa and the 
soil swells under wetting, a situation similar to that 
of specimen b on Fig. 27b when loaded to σvf1, 
at e1, before being soaked. In Figure 29d, the soil 
loaded to 384 kPa collapses, a situation similar to 
that of specimen b on Fig. 27b when loaded to σvf2, 
at b2 before being soaked.

Practical implication. Changes in volume 
upon wetting are generally more important for 
soils compacted on the dry side of  optimum 
and depend critically on the level of  compac-
tion and the stress level at which wetting takes 
place.

6 CONCLUSION

After reviewing observations of the characteris-
tics and behaviour of compacted soils, a general 
qualitative model for compacted soils is presented. 
The main features are: the pore-size distribution 
is bimodal, with micro—and macro-pores, when 
the soil is compacted dry of the optimum whereas 
it is unimodal with micro-pores when compacted 
wet of the optimum; when compacted on the wet 
side of optimum or compacted on the dry side and 
then submerged, some air is trapped in the form of 
bubbles. It is recognised that this model is approxi-
mate, incomplete and possibly not applicable to 
high plasticity clays, but it is thought to explain the 
main hydraulic and mechanical behaviour of most 
compacted soils and to be useful to geotechnical 
engineers, in particular those in practice. Reference 
is made to some practical implications.
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ABSTRACT: The paper examines several aspects of rockfill behaviour, which are relevant to interpret 
and analyze the field response of dams and embankments. Experimental observations on rockfill 
compressibility, time-dependent deformation and deviatoric stress-strain behaviour are presented. Special 
attention is given to the role of relative humidity. The physics of rockfill deformation, explained by parti-
cle breakage are described. Particle breakage is explained by crack propagation, a phenomenon discussed 
within the framework of fracture mechanics. A macroscopic elastoplastic constitutive model is outlined. 
Rockfill mechanics are also approached by a Distinct Element modelling of grain assemblages experi-
encing grain breakage. Finally, rockfill mechanics are discussed from the wider perspective offered by 
unsaturated soil mechanics.

the use of many of those facilities was abandoned, 
suggesting that very large testing equipment was 
an unfeasible approach.

Therefore, the primary source of information 
about rock-fill behaviour was the observation of 
real rockfill structures. The dam building indus-
try, with his well-established monitoring tradition, 
gathered most of the currently available field infor-
mation. Other recent works using rockfill, like high 
speed railways, produced new interesting data. 
Anyway, despite the referred limitations imposed 
by size, laboratory research works allowed gaining 
much of the understanding, at least in a qualitative 
way, about the physical and chemical phenomena 
involved in rockfill mechanics.

The fact that rockfill is an inherently ‘free drain-
ing’ material, means that in many situations it will 
remain in an unsaturated or partially saturated con-
dition. This condition may arise from rain, or, more 
generally, from the interaction with the atmosphere. 
In some particular cases, in mining heap leach pads 
for example, partial saturation is the normal opera-
tion condition, being the liquid phase the lixivia-
tion solution continuously sprinkled over the top 
of the heap. Early approaches (based on the point 
of view of the effective stress principle) assumed 
that, as a coarse material, rockfill would not be 
influenced by water as long as saturation is not 
attained. Later, gathered field data and laboratory 
and theoretical research, led to a different working 
hypothesis. In the unsaturated condition, water or 
other liquids, have indeed a significant influence in 

1 INTRODUCTION

The occurrence of rockfill in civil engineering 
works steadily increased in number and frequency 
along the last century. From the first small dams 
with timber face, built by the mid of the 19th 
century in California during the gold rush, to the 
present 200 m tall concrete faced rockfill dams, the 
building technology evolved and also the knowl-
edge regarding the behaviour of this material. 
Today’s interest in rockfill arises not only from 
the dam building sector, but also from transpor-
tation, maritime and mining works. Mining heap 
leach pads and waste-rock heaps are examples 
of ‘non-engineered rockfills’, very different from 
typical civil engineering materials, which require a 
good understanding of their behaviour in order to 
ensure safety and long term stability.

Perhaps, the most persistent pitfall in the study 
of rockfill mechanical behaviour was, and contin-
ues to be, our inability to test real size rockfill sam-
ples ei-ther in the laboratory, or in the field. The 
research efforts done in the sixties and early seven-
ties using large scale testing apparatuses (Sowers 
et al., 1965; Fumagalli, 1969; Marachi et al., 1969; 
Marsal, 1973; Penman & Charles, 1976), allowed 
gathering a large amount of experimental infor-
mation. However it is necessary to face the fact 
that, even taking the huge effort of operating large 
testing devices (Fig. 1), real size rockfill probes 
(including ‘particles’ of, say, 1 m in diameter) are 
impossible to test. In fact, in the following decades, 
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the mechanical behaviour of rockfill, although of a 
different nature of the effects observed in unsatu-
rated soils. Such influence, which is not of mechan-
ical nature but physicochemical, will be addressed 
in detail later in this paper.

2 BEHAVIOUR OF ROCKFILL 
AS OBSERVED IN THE FIELD 
AND LABORATORY TESTS

Regarding the mechanical behaviour of rockfill, 
two distinct features can be pointed out: time 
dependent deformations and collapse deforma-
tions. Early experimental observations (Sowers 
et al., 1965; Marsal et al., 1976) clearly showed 
that rockfill undergoes significant amounts par-
ticle breakage during straining. So, the idea that 
some link should exist between the rockfill singu-
lar behaviour and the breakage of the rock parti-
cles underlies many of the research efforts since the 
70’s. As explained in the following sections, both of 
the observed phenomena share a common origin, 
i.e. the gradual propagation of cracks which lead 
to a succession of breakages of the rockfill parti-
cles, each producing a small strain increment. Mac-
roscopically, this is perceived as a time dependent 
deformation process.

2.1 Time dependent strains

The bulk of field settlement records in dams and 
embankments suggests that time dependent strain-
ing process of rockfill follows a linear relationship 
with the logarithm of time of the type (Sowers 
et al., 1965; Charles, 1989):

s H Log
t
tr

⎛
⎝⎜
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠

α 10  (1)

where s is accumulated the settlement between 
instants tr and t, H is the height of the fill and α is 
a parameter. The origin of time for Eq. (1) has no 
physical meaning. Sowers et al. (1965) suggested 
adopting as initial time, the moment of comple-
tion of half  the height of the embankment, while 
Charles (1989) used the end of construction date. 
Sowers et al. (1965) fitted Eq. (1) to the crest settle-
ment records of fourteen non-compacted rockfill 
dams, getting values of α between 0.002 and 0.007, 
exceptionally going up to 0.01.

Charles (1989) determined α−values from cross-
arm settlement records at different heights within 
the downstream shoulder of two UK rockfill dams, 
plotting them against vertical stress (Fig. 2). Scam-
monden dam was built with sandstone rockfill and 
Llyn Brianne dam with mudstone rockfill, both 
placed with heavy compaction. This explains the 
lower range of α-values than the dumped rockfill 
dams analysed by Sowers et al. (1965). Figure 2 also 
displays the case of other two dams: El Infiernillo 
in Mexico and Lechago in Spain. El Infiernillo 
rockfill was made of diorite and silicified conglom-
erate, moderately compacted. Lechago dam was 
made of a slate rockfill with highly crushable par-
ticles, placed with heavy compaction. In any case, 
it is apparent from Figure 2 that α increases with 
stress, although it shows a considerable scatter, 
even within the set of points of each single dam.

Oldecop & Alonso (2002) described the observed 
behaviour in rockfill oedometer tests under con-
stant vertical stress, by means of an expression 
analogous to Eq. (1):

ε λ ε⎛
⎝⎜
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠

+tλλ r
rεεLn

t
t

 (2)

where ε is the vertical strain, λt is the time-dependent 
compressibility index and εr is the strain at the ref-
erence time tr. If  the laboratory tests are assumed to 
be representative of field behaviour, Eq. (1) should 
be related to Eq. (2) by integration in the height of 
the fill and α and λt become related by:

α λ∫
2 303

0

.
H

dhtλλ
H

 (3)

Figure 1. Berkeley giant triaxial cell (Marachi et al., 1969).
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The origin of time for Eq. (2) was taken at the 
instant of each load increment application. How-
ever, it was observed that, during the initial stage 
of deformation, immediately after the load incre-
ment application, the behaviour was different than 
described by Eq. (2). It was only after a certain 
time (generally less than a couple of hours) that the 
deformation record approached the logarithmic 
law. Oldecop & Alonso (2002) called the first stage 
transient creep and the second normal creep. The 
scheme in Figure 3.a explains the typical behaviour 
observed in these stages.

A logarithmic deformation process implies that 
strain increments would continue indefinitely. It 
seems difficult to accept this fact from a physical 
point of view, but this is indeed what the settle-
ment records of many rockfill dams are suggest-
ing, showing continuing settlements during four 
decades or more (Oldecop & Alonso, 2007).

During the normal creep stage, the index λt 
depends both on stress and total suction. Moreo-
ver experimental evidence suggests that the normal 
creep line (i.e. ε−Ln t in the normal creep stage) 
seems to be unique for each pair of stress-suction 
values, i.e. non-dependent of the material history 
(Oldecop & Alonso, 2002). The experimental data, 

gathered in oedometer tests with controlled relative 
humidity shows that λt increases with stress, but 
the slope of this relationship greatly changes with 
total suction (Fig. 4). The lower the suction, the 
faster increases λt with stress. A limiting top value 
seems to exist for λt.

On the other hand, in the transient creep stage, 
the behaviour depends also on the applied stress 
and suction, but also on the history of the mate-
rial. Such history is condensed in the accumulated 
strain by the time of application of the current load 
step (εinitial). The transient creep strain develops in 
such a way that it links the state of εinitial with the 
normal creep line (Fig. 3.a).

By setting a constant conventional reference 
time, tr, and plotting the corresponding ε r (Fig. 3.a) 
for each value of vertical stress, σ, a classical stress-
strain curve is obtained (Fig. 3.b). Evidently, these 
compression curves vary with the chosen tr value 
(Oldecop & Alonso, 2007). However, it is impor-
tant to note that, in order to get consistent stress-
strain curves, the instant tr must pertain to the 
normal creep stage. Along any of the stress-strain 
curves in Figure 3 the compressibility index, λ, 
can be computed. Along the initial curved part of 
the compression curves of Lechago slate rockfill, 

Figure 2. α-values derived from cross-arm settlement 
records at different heights within the downstream shoul-
der of Scammonden and Llyn Brianne Dams (Charles, 
1989). Similar data from El Infiernillo (Marsal et al., 
1976) and Lechago dams.

Figure 3. a) Schematic drawing of typical strain records 
obtained in oedometer tests under constant vertical stress. 
b) Stress-strain curves built with the data of Figure 3.a 
using a constant reference time t0.
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the compressibility index increases almost linearly 
with stress, which implies a linear stress-strain 
relationship. Under higher strain levels, λ becomes 
constant. Many other granular materials display 
a similar behaviour (Nobari & Duncan, 1972; 
Marsal, 1973; Clements, 1981; Pestana & Whittle, 
1995; Yamamuro and Lade, 1996).

The data points corresponding to Lechago Dam 
in Figure 2, were also included in Figure 4 (as 2.303 
times α). It is likely that the downstream shoulder 
point was in a dryer state than the upstream point. 
Although reservoir filling was still not accom-
plished at the time of measurements, the phreatic 
level in the upstream side was close to the instru-
mented level. Field data suggest that the material 
is quite sensitive to moisture, a behaviour also 
observed in the laboratory tests.

Another interesting feature to observe is the 
behaviour of the ratio λt/λ. Mesri et al. (1990) 
found out that, for a variety of geotechnical mate-
rials, this ratio fits in a remarkably narrow range 
of values. In spite of the complex distribution of 
λt shown in Figure 4, this feature also applies for 
the Lechago slate, as shown in Figure 5. Another 
rockfill material, with identical grain size distribu-
tion as the Lechago slate, but made of limestone, 
was tested by Ortega (2008). In this case, the rock-
fill particles are much harder to break. Analo-
gous experiments yielded the set of λt values also 
included in Figure 5. Both tested materials show 
similar trends. Also, in both cases the driest speci-
mens have a λt/λ ratio which departs from the bulk 
of data, being significantly lower than the obtained 
with the material at lower suction values.

As proposed by early researchers (Sowers et al., 
1965) all these observations are consistent with the 
idea that some link should exist between time—
dependent deformations and the particle breakage 
phenomenon.

2.2 Collase strains

The collapse phenomenon is long known in dam 
building. In almost every case when, during res-
ervoir filling, the upstream shell of a central core 
rockfill dam is flooded, sudden deformations take 
place. Less evident was that the same phenom-
enon can occur by partial wetting. Detailed analy-
sis of some settlement records showed that this is 
indeed the case. Relatively intense rainfall periods 
can be correlated with increase in the settlement 
rate of: Cogswell Dam (Bauman, 1960), El Infier-
nillo Dam (Marsal et al., 1976) and Beliche Dam 
(Naylor et al., 1986, 1997) and also of a high 
speed railway embankment in the south of Spain 
(Soriano and Sánchez, 1999).

In fact, the case of El Infernillo Dam displays, 
in a consecutive manner, the two types of collapse 
events referred above. Figure 6 presents the verti-
cal and horizontal movements records of surface 
markers installed in the crest and downstream 
berms of El Infiernillo Dam. Measurements started 
immediately after building completion. The flood-
ing collapse event took place in a rather sudden 
manner with reservoir filling. As typically found 
in these cases, the crest movement involved strong 
settlements and upstream horizontal movements, 
which later changed its sense towards downstream. 

Figure 4. Time-dependent compressibility index, λt, 
measured in one-dimensional compression tests of 
Lechago slate rockfill, under various stress-total suction 
conditions (Oldecop & Alonso, 2002).

Figure 5. Time-dependent compressibility index, λt, 
plotted against compressibility index, λ, measured in 
one-dimensional compression tests of Lechago slate and 
Garraf Limestone, with same grain size distribution. 
(data from Oldecop & Alonso, 2007; Ortega, 2008).
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The deformation process continued afterwards for 
a year, with a decreasing-rate trend. During the sec-
ond year after reservoir filling, a new deformation 
process started, increasing again the movement 
rates. This second deformation event lasted almost 
four and a half  years, involving displacements of at 
least the same order of that from the first event.

It is interesting to note that the downstream shell 
was never flooded, but only the lowest part during 
periods of spillway operation. However, settlement 
measurements with cross-arm D−2 show that the 
deformation process affected the whole fill up to 
el 120 (Marsal et al., 1976). So, the only remaining 
explanation for this behaviour is to accept that col-
lapse develops under progressive wetting by rain-
fall. Such hypothesis is consistent with the fact that 
1965 was a relatively dry year, while the following 
years had more intense rainfall seasons.

Figure 7 shows a collection of flooding collapse 
strain measurements, for different rockfill materials 

tested in oedometric devices, under various vertical 
stresses, in the range of engineering interest. The 
features of those rockfill specimens are given in 
Table 1. Collapse strain increases with stress almost 
linearly for most rockfill materials. The collapse 
phenomenon does not tend to vanish under high 
stresses, as observed in soils (Alonso et al., 1990). 
However, linearity is lost for specimens of weak 
rock undergoing high strain levels. By comparing 
the features of the different materials included in 
Figure 7, some conclusions can be derived about 
the factors affecting the collapse phenomenon 
in rockfill. The collapse deformations increases 
for: 1) weaker rock particles, 2) larger particle 
size 3) grain size uniformity, 4) less compaction, 
5) lower initial moisture. All these observations 
are consistent with the hypothesis relating collapse 
with particle breakage.

The case of El Infiernillo (Fig. 6) calls atten-
tion on another aspect of rockfill behaviour which 
differs from that of unsaturated soils. In soils, full 
collapse deformation is attained when saturation 
occurs, a situation which is never attained in the 
case of rockfill subjected to rainfall. Rainfall water 
percolates through rockfill causing a downwards 
progressing wetting front. But, due to large voids 
and high permeability of the material, it is very 
unlikely that a saturated condition develops due 
to rainfall. So, field observations suggest that the 
nature of collapse strains in rockfill is different 
from the mechanisms observed in soils.

Figure 6. Post-construction behaviour of El Infiernillo 
Dam, Mexico (data after Marsal et al., 1976).

Figure 7. Collapse strains following flooding of rock-
fill specimens tested in oedometer. Filled symbols corre-
spond to values really measured while open symbols to 
collapse amounts derived by difference between compres-
sion curves of dry and flooded specimens. Properties of 
the materials referred are given in Table 1.
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In the oedometer tests of Lechago slate rock-
fill, Oldecop & Alonso (2001; 2004) found that the 
range of water content values in which the collapse 
of rockfill occurs is only a small fraction of the full 
range up to saturation. Figure 8 depicts this behav-
iour for specimens subjected to gradual wetting 
under constant vertical stress. This was achieved 
by introducing water vapour in the specimen by 
means of a closed air flow circuit, and controlling 
the relative humidity of air with chemical solutions. 
Collapse strains develop from the very beginning 
of the wetting path, even under extremely dry con-
ditions. As the wetting process goes, strain accu-
mulates at an appreciable rate until a certain point 
when the deformation process spontaneously halts 
although water continued to be introduced in the 
specimen. From the hygrometer readings it was 
estimated that this point corresponds to 100% RH, 
which means nil total suction. Such a state would 
mean that the particles have their internal porosity 
fully filled with liquid water. The appearance of a 
specimen under 100% RH is similar to rock parti-
cles soaked through with water, covered by a thin 
water film, but with no “free” water running in the 
rockfill macrovoids (Fig. 14.a).

2.3 Rockfll behaviour under shear

The effects of shear deformation on rockfill are 
seldom observed in engineered fills, since shear 

strains are not expected to occur under design con-
ditions. Some large slope failures have occurred in 
mining waste-rock and heap leach piles. However 
these are not rockfills in a strict sense, since they are 
built by dumping with no compaction and contain 
significant amounts of fines. Most of these failures 
are associated to the non-homogeneity of the fill 
which includes strong segregation, layers of fines, 
oblique stratification and perched phreatic levels 
(Dawson et al., 1998, Thiel & Smith, 2003).

Laboratory experiments with rockfill in large 
size triaxial cells were performed by Marsal (1973), 
Fumagalli (1969), Marachi et al. (1969), Nobari & 
Duncan (1972), Parkin & Adikari (1981), Veiga Pinto 
(1983), Wilson & Evans (1990), Rein et al. (1992), 
Indraratna et al. (1993), Yasuda & Matsumoto 
(1994), Yasuda et al. (1997). Plane strain tests were 
performed by Marachi et al. (1969) and Marsal 
(1973).

The bulk of experimental data shows that the 
strength envelopes of rockfill are curved. At low 
stresses rockfill exhibits quite high friction angles, 
generally over 40°, commonly reaching 55°. Under 
increasing confining stress the friction angle 
decreases to values between 30 and 40°. Increasing 
the confining stress also causes a marked decrease 
in the material dilatancy. Extensive particle break-
age was observed in triaxial and plain strain tests, 
much more intense than in oedometer or isotropic 
compression tests. A correlation was found to exist 
between the peak friction angle developed by the 
specimen and the amount of particle breakage 
(Marachi, 1969; Marsal et al., 1976). Charles & 
Watts (1980) provided data on the nonlinearity of 

Table 1. Material properties of rockfills tested in 
oedometer devices referred in Figure 7.

Mat

Max. 
Part 
Size 
[mm] Cu

Spec. 
Compact.

Initial
moisture
cond. Data source

[1] 50.00  2.5 100%RD Air dry Veiga Pinto 
(1983)

[2]  4.75 14.0  70%RD Air dry 
1.5%wc

Nobari and 
Duncan 
(1972)

[3]  4.75 14.0  93%RD Air dry 
1.5%wc

Nobari and 
Duncan 
(1972)

[4]  4.75  1.4  95%RD Air dry 
1.5%wc

Nobari and 
Duncan 
(1972)

[5] 40.00  2.9 100%StPr 50%RH
0.8%wc

Oldecop and 
Alonso 
(2001)

[6] 40.00  2.9 100%StPr 15%RH
0.4%wc

Oldecop and 
Alonso 
(2001)

[7] 40.00  1.1 100%StPr 10%RH
0.1%wc

Ortega 
(2008)

[8] 25.00  1.1 100%StPr 10%RH
0.1%wc

Ortega 
(2008)

Figure 8. Development of collapse strain under grad-
ual wetting, in oedometer tests of slate rockfill, with RH 
control.
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the strength envelope of rockfill. De Mello (1977) 
proposed a nonlinear strength envelope:

τ A b( )σ  (4)

where A and b are empirical parameters.
The non-linearity of the envelope was attributed 

to particle breakage during the compression stages 
prior to shearing and during the shearing itself. 
The larger the amount of breakage, the smaller is 
the friction angle.

At the UPC Laboratory, triaxial tests programs 
with controlled RH, were carried out with the 
Lechago slate rockfill (Chávez, 2004) and Garraf 
Limestone (Ortega, 2008). The aim was to study the 
influence of water in the mechanical behaviour. The 
grain size distribution of the specimens was identi-
cal in both materials and equal also to the grain size 
distribution used in oedometer tests (Figs. 4 and 5). 
All tests performed were of the type consolidated/
drained with internal measurement of axial and volu-
metric strains. The axial strain was imposed at a rate 
of 1 × 10−4 s−1. Some test results are shown in Figure 9 
as deviator stress vs. axial strain and volumetric 
strain vs. axial strain. It is apparent for both materials 
that increasing relative humidity, i.e. decreasing suc-
tion, implies both a reduction of strength and higher 
deformability. The volumetric behaviour displays 
a strong reduction of dilatancy for increasing RH. 
These effects are more evident in the Lechago slate 
rockfill than in the tougher Garraf Limestone.

A gradual wetting path under constant stress was 
tested with the Lechago slate rockfill (Chávez, 2004), 
by means of a RH control system similar to the sys-
tem used in oedometric tests. RH was increased up to 
100% and the sample was finally flooded. The effect of 
wetting was a gradual increase of axial and volumet-
ric strain (both in compression). The resulting strains 
exceeded in a significant amount, those developed by 
a similar specimen previously water-saturated and 
subjected to the same stress state. It has to be noted 
that the experimental conditions determined that this 
test was significantly longer than the rest. In normal 
tests the deviator application phase lasted no more 
than 30 min while, in this case, the sole wetting proc-
ess lasted the same time. So, a possible explanation 
for the additional strains is the overlap of collapse 
and time-dependent deformation mechanisms.

The time-dependent behaviour of rockfill in triax-
ial tests was also showed by Ortega (2008) by applying 
two different axial strain rates to Garraf limestone 
rockfill specimens (Fig. 10). The higher rate speci-
mens display lower deformability and higher shear 
strength. The volumetric behaviour is also affected 
by the axial strain rate. The specimens deformed at 
higher rate are initially more compressible, but show 
higher dilatancy at failure. The effect of the strain 
rate is less apparent in dryer specimens.

Figure 9. Triaxial tests of rockfill with RH control. 
Data of Lechago slate obtained by Chávez (2004) and 
from Garraf Limestone obtained by Ortega (2008).

Figure 10. Triaxial tests on Garraf Limestone rockfill 
showing the dependency of the beahaviour on the axial 
strain rate applied, under different moisture conditions 
(data from Ortega, 2008).
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Probing tests were designed, in the experiments 
reported by Chávez (2004), to investigate the shape 
of the yield surface in the triaxial deviatoric plane. 
Figure 11 indicates the shape of the yield surface 
of compacted Lechago slate isotropically loaded to 
a confining stress p0.

The geometry of the yield surface may be sim-
plified as the combination of a cap surface and a 
deviatoric Mohr-Coulomb type of yielding. Plotted 
plastic strain vectors show a non-associated flow 
rule, dominated by shear strains during shear load-
ing. In this material, reducing the relative humidity 
to 42% did not result in a significant change of the 
shape of the yield locus, as shown in Figure 12.

3 PARTICLE BREAKAGE

It was evident from the early experimental obser-
vations by Sowers et al. (1965), Fumagalli (1969), 
Marachi et al. (1969) and Marsal (1973), among oth-
ers, that rockfill mechanical behaviour is somehow 
linked with particle breakage, since most rockfill 
tests showed an unusually high amount of crushed 
particles after the end of the test. Some of these 
authors explored this phenomenon by testing in the 
laboratory isolated rock particles. Two types of tests 
were performed: compression of irregular rock par-
ticles between two steel plates (Marsal, 1973; Lee, 
1992) and irregular or regularly shaped rock points 
pressed against a flat steel or rock surface (Sowers 
et al., 1965; Clements, 1981). In both cases, load and 
displacement were recorded. Lee (1992) reported 
the results reproduced in Figures 13 and 15.

Along the failure process three stages were 
observed. In the first stage, the material at the 
loading points is crushed, causing the contact 
area with the plates, to increase gradually. Next, 
spalling and propagation of local cracks occurs in 
the vicinity of the contact zones. Finally, splitting 

Figure 11. Yield locus of compacted Lechago rockfill 
(Chávez, 2004).

Figure 12. Yield locus of compacted Pancrudo gravel 
for two relative humidities (Chávez, 2004).

Figure 13. Tests on rock particles reported by Lee, 1992: 
a) Scheme of the tensile strength test on rock particles 
b) Typical load-displacement plot.
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of the particle is attained involving one or more 
planes containing the direction of load. This pat-
tern of breakage is also observed in laboratory 
rockfill specimens (Fig. 14).

Lee (1992) defined the particle failure stress, 
σf, as the load causing the splitting of the particle 
divided by the square of the average particle size, d. 
It was found that σf decreases with increasing the 
size of the particle (Fig. 15). The following expres-
sion was found to fit the experimental data:

σ α
fσ d∝

 
(5)

Exponent α in Lee (1992) data varies between 
−0.34 and −0.42. In the set of data plotted in 
Figure 15 the exponent α has negative values rang-
ing between −0.3 and −0.8.

Fracture mechanics also provide an interpreta-
tion for these experimental results. The rock parti-
cle is assumed to host defects of varying size and 
orientation, which are ready to propagate under 
stress. Under a mode I type of fracture propaga-
tion (cracks propagate in a uniform tensile stress 
field, of intensity σ), cracks propagate at a high 
speed when the stress intensity factor K reaches the 
rock fracture toughness, Kc. The failure condition 
is expressed:

K a KcK=aσ β πaaa  (6)

where β is a geometric factor and a is the size 
(length) of the crack or defect. This expression is 
examined in more detail below.

Therefore, the failure strength is proportional to 
the inverse of the square root of the defect size:

σ fσ a∝ −0 5.
 

(7)

In statistical terms, particle size and defect size 
are equivalent and the size of the particle defines 
the size of the critical defect size. Therefore, it is 
expected that:

σ fσ d∝ 0 5.
 

(8)

This relationship is indicated by the dotted line 
in Figure 15 (b is the slope in the log σf − log d 
plot).

Rockfill deformation involves not only the diam-
etral breakage of particles but also the local crush-
ing at contacts and the subsequent rearrangement 

Figure 14. a) Oedometer rockfill specimen of Grain-
stone (carbonated rock) at 100% RH after test end. 
b) Crushed contact point and splitting pattern of a 
Grainstone rockfill particle. Particle recovered from 
oedometer specimen tested under 2.8 MPa vertical stress 
and 100% RH.

Figure 15. Variation of particle crushing strength with 
particle size of different rockfill materials and gravels. 
Each data point was obtained by averaging the results of 
several tests (10 or more).
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of the entire granular structure, which will evolve 
during testing. Scale effects are therefore unavoid-
able and, on the other hand, large sample sizes are 
extremely expensive and unpractical. Even if  some 
trade-off  between particle size and cell diameter 
is adopted (say maximum particle size is a frac-
tion (1/5) of cell diameter) some relevant defor-
mation phenomena such as strain localization 
cannot develop. In fact, shear band localization 
in granular assemblage requires a band thickness 
that involves 10−20 particles. This criterion is an 
additional drawback to examining experimentally 
the strength of coarse granular aggregates. It is 
expected that grain rupture will also be dominant 
within the highly strained shear band.

Clements (1981) tested conically shaped points 
of rock pressed against a flat surface. The same 
breakage sequence as in the tests of particles 
between plates was observed to occur in this case. 
The angle of the points tested varied between 60° 
and 160° and it was observed that the loads at 
which the different stages of breakage are attained 
(i.e., crushing, spalling, splitting) increase with 
increasing point angles. This suggests that angular 
particles are more prone to breakage than rounded 
particles. Under a constant load, rock points devel-
oped time dependent displacements and, moreo-
ver, when these points are wetted or submerged 
in water, additional displacements take place in 
a sudden manner, resembling collapse episodes 
observed in rockfill specimens (Sowers et al., 1965; 
Clements, 1981).

The time dependent behaviour of rock particles 
can be also observed in the experimental data shown 
in Figure 16. Irregular rock particles were pressed 
between flat steel plates under three different 
displacements rates (0.001, 0.01 and 0.1 mm/seg). 
However, since it is expected that the relevant 
parameter for the phenomenon is the load (or 
stress) increase rate, this was individually measured 
from the recorded load history of each particle. The 
plot of the particle failure stress against the stress 
increase rate shows a slight but clear increase of the 
particle strength with increasing loading rate.

4 SIZE EFFECTS

Rockfill particles in embankments and dams reach 
often sizes in the range 0.30−1.00 m. Laboratory 
cells able to handle such a range of sizes are out 
of a reasonable proposal. Grain size may be scaled 
down in an attempt to preserve the behaviour of 
the prototype dimensions. This approach has been 
reported in some testing programs (Fumagalli, 
1969; Marachi et al., 1969), but scale effects remain 
as an unsolved issue.

Let us consider the relationship between the 
“external” stress (σext) and the tensile stress in a 
given particle (σt). For a given applied stress state, 
this relationship is a consequence of  the granu-
lar geometry. But under some simplifications 
an approximate relationship (σext vs. σt) may be 
established. For instance, if  the particle is loaded 
along a diameter, the applied concentrated load 
P is proportional to the square of  the diameter 
and the tensile stress developed on the diametral 
plane:

P dtσ 2
 (9)

And, in view of Eq. (8), the load causing the 
breakage of the particle is:

( ) . /d) d df d d−0. 2
 

(10)

For a very simple arrangement of spherical 
particles (Fig. 17) in a planar view, equilibrium 
implies:

σ ext P P
d d

P
d

⋅ = =P∑1 1 12
2

 
(11)

and therefore:

P d ext
2σ  (12)

Comparing Eqs. (10) and (12) it turns out that:

( ) .
ext f) d∝ −0 5.

 
(13)

Figure 16. Variation of the particle failure stress with 
the loading rate (stress increase rate). Material tested: 
Lechago slate at 40% RH. Size of tested particles: 
Mean = 20.63 mm, St Dev = 3.37 mm.
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The external stress capable of breaking in ten-
sion particles of diameter d is inversely propor-
tional to the square root of particle diameter. 
Given a stress intensity, the larger the particles, the 
easier its breakage. If  experimental data relating 
tensile strength and particle diameter is the start-
ing point, Eq. (13) becomes:

( ) α
ext f) d∝ −

 
(14)

where α varies between 0.3 and 0.5.
Eq. (14) is useful to analyze scale effects. Take, 

for instance, rockfill compressibility. If  a linear 
stress-strain relationship is accepted, the com-
pressibility coefficient λ is proportional to Δε / Δσ. 
Therefore:

λ α∝ d  (15)

If  gravels of diameters d and d0 are compared:

λ λ
α

d dλ λλ λ d
d

⎛
⎝⎜
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠

0dd

0dd
 

(16)

which provides a scaling law.
Figure 18.a shows some results of gravel 

compressibility. They were obtained in a 30 cm 
diameter oedometer for samples of uniform par-
ticle size (40−30 mm; 30−20 mm; 25−20 mm and 
20−10 mm).

The linear compressibility coefficient (Fig. 18) 
depends on the particle size and, also, on the aggre-
gate void ratio, either a loose sample (e0 = 0.947) 
or a dense arrangement (e0 = 0.502). If  λ is scaled, 
following Eq. (16), taking d0 as the minimum parti-
cle diameter tested, the size effect disappears, pro-
vided α = 0.5 for the loose gravel and α = 0.33 for 
the dense aggregate. Interestingly, the α coefficient 
and, therefore, the intensity of scale effects, depend 
on aggregate density.

Frossard (2012) discusses scale effects in a simi-
lar manner. When strength is considered (Eq. 4) 
the scaling law (Eq. 16) is applied to both the shear 
stress and the confining stress. Therefore,

and

τ σ
α α

fτ b

d d
A

d( /d ) (α / )d0dd 0AA
0ddα =

⎡

⎣
⎢
⎡⎡ ⎤

⎦
⎥
⎤⎤

⎦⎦  
(17)

τ σ
α

fτ bσσA
d
d

⎛
⎝⎜
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠

−α ( )αα b−

0
0dd

 
(18)

This relationship provides the strength of rock-
fill of particle size d if  the strength envelope of a 
rockfill for a particle size d0 (τ σfτ bσσA

0ff 0 ) is known. 
Frossard (2012) provides examples showing the 
accuracy of Eq. (18).

The discussion on scale effects becomes more 
complex if  grain size distributions are not uni-
form. The simple relations previously mentioned 
will not hold. On the other hand, a full characteri-
zation of the rockfill would require a constitutive 
model developed in terms of few material param-
eters (and not only the rockfill compressibility or 
strength).

Figure 17. Simple arrangement of spheres. Planar view.

Figure 18. (a) Compressibility coefficient of limestone 
uniform gravels in terms of particle size (Ortega, 2008); 
(b) Corrected compressibility to include scale effects.
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However, if  a suitable constitutive model is 
accepted, testing samples of different grain size 
distributions would provide relationships of con-
stitutive parameter and some indices describing 
grain size distribution. This was the approach 
followed by Ramon et al. (2008). They report tests 
on Lechago gravel for the grain size distributions 
given in Figure 19. The distributions are char-
acterized by a common D50 value and a variable 
fine’s content. The constitutive model described 
in Alonso et al. (2005) was used for the analysis 
of test results. In this model, as explained in detail 
in a following section, the compressibility index is 
suction-dependent. Ramon et al. (2008) found that 
the parameters of the function which describes 
such dependency, λd

0 and χ, vary with the grain 
size distribution.

It was found that the best parameter to iden-
tify the influence of grain size distribution in this 
case was the index Dmax/Dmin. Tests were performed 
under suction control and collapse strains were 
also measured.

The compressibility parameter, λd
0 decreases 

continuously as Dmax/Dmin increases (Fig. 20.a). 
However, the elastic compressibility was not much 
affected by the same index. The delayed compress-
ibility, λt, maintained in all cases a constant ratio 
with λd

0 and this condition defines the scale for the 
long term compressibility. The model parameter,  
χ, which describes the collapse intensity, decreased 
with the Dmax/Dmin coefficient in the manner indi-
cated in Figure 20.b.

5 CONCEPTUAL MODEL BASED 
IN FRACTURE MECHANICS

5.1 Basicconceptual model

From the investigations at the UPC a conceptual 
model gradually evolved, which explains some of 
the observed features.

An elementary volume of rockfill contains a 
number of rock particles forming an arrangement. 
Studies with photoelastic discs first (De Josselin 
de Jong & Verruijt, 1969) and, later, with the dis-
tinct element method (Cundall & Strack, 1979), 
show that such particle arrangements transmit the 
external loads by chains of particles forming a sort 
of truss. Each individual particle receives forces at 
its contacts with the neighbouring particles. The 
magnitude and direction of those forces depends 
on the size of the particle, shape, number of con-
tacts, relative position in the arrangement and, 
obviously, on the macroscopic stress state. Some 
particles carry large forces, while others remain 
idle. So the intensity of loads applied to particles 
varies in a wide range. This distribution of forces 
changes with the deformation of the rockfill ele-
ment since the geometry of the truss is changed. 
Figure 21 sketches the idea. An isotropic macro-
scopic stress state is considered for simplicity.

Figure 19. Grain size distributions tested by Ramon 
et al. (2008).

Figure 20. (a) Compressibility parameter λd
0 for oed-

ometer tests; (b) Parameter χ Results plotted in terms 
of Dmax/Dmin (Ramon et al., 2008).
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As stated in a previous section, each rockfill 
particle contains a (large) number of flaws, micro-
cracks or cracks. Since, at the levels of stress and 
temperature bearing interest in civil engineering 
works, the behaviour of most rocks is nearly per-
fectly brittle, it is reasonable to expect that parti-
cles fail by propagation of one or more of those 
flaws. The particle body, away from the crack tips, 
remains elastic and hence, linear elastic fracture 
mechanics (LEFM) applies for the analysis of 
the propagation of those cracks. The stress at the 
crack tips of a particular crack can be described 
by means of the stress intensity factor, computed 
with Eq. (6).

The whole particle arrangement, with its par-
ticular geometry at a certain moment of  the mate-
rial history, can be considered as a single elastic 
body. With this idea in mind the stress across 
the crack plane can be thought to be propor-
tional to the macroscopic stress. So, σ in Eq. (6) 
can be also viewed as the macroscopic stress if  
the corresponding proportionality constant is 
included in the factor, β.

The conceptual model for rockfill proposed by 
Oldecop & Alonso (2001), assumes that under an 
increasing macroscopic stress state, the rockfill 
element first deforms by particle rearrangement, 
involving slip and rotation of the particles in rela-
tion to their neighbours. At this stage, the external 
work is fully consumed in overcoming friction at 
particle contacts.

At some point of  the deformation process, 
the granular arrangement becomes blocked, i.e. 
no further deformations can occur unless one or 
several particles undergo breakage. It was also 
hypothesised that, from there on, any further 
strain increment implies the breakage of  a crack. 
So, strain increments occur in a stepwise fashion, 
although, since the number of  cracks involved 
is large, the straining process is perceived as 
continuous.

5.2 Conceptual model for time and suction 
dependent behaviour

A fracture phenomenon called stress corrosion 
(Wiederhorn et al., 1980; Freiman, 1984) is well 
suited to explain many of the observed features of 
rockfill behaviour. It pertains to a group of phe-
nomena known with the generic name of subcriti-
cal crack growth, which makes reference to the fact 
that cracks may also propagate with stress inten-
sity factor values lower than the fracture tough-
ness. The difference in this case is that, instead of 
a sudden failure, propagation occurs in a gradual 
manner. The best known effect of subcritical crack 
growth mechanism is the fatigue due to repetition 
of small loading cycles.

In stress corrosion, a corrosive agent interacts 
with the stress state at the crack tip. It is the com-
bined action of both factors that produces the 
propagation of the crack. Cracks are stress con-
centrators. At the crack tip, the strongly strained 
molecules of the substances composing the rock 
(being minerals or not) are more readily attacked 
by the corrosive agent than the rest of the material. 
At some stage of the corrosion reaction the newly 
formed compounds are weaker than the original 
substance. Hence they break under a stress state that 
that it is not enough make the crack to propagate 
in the original material. The crack growth exposes 
a new fresh tip and the process starts again.

The most ubiquitous corrosion agent in nature is 
water. Figure 22 illustrates a chemical model and the 
stoichiometry of the stress corrosion of amorphous 
silica by water. The availability of water for such 
chemical reaction can be measured (under some 
simplifying assumptions) by its chemical potential. 
Chemical potential is proportional to total suction 
(the proportionality factor being the molar volume) 
which in turn, under thermodynamic equilibrium, 
is univocally linked to relative humidity by the psi-
crometric relationship (Coussy, 1995).

In fact, the typical results of stress corrosion 
experiments show that the crack propagation 
velocity increases with a) the value of the stress 
intensity factor (i.e., mechanical load) and b) the 
relative humidity in the environment surrounding 
the tested specimen or, alternatively, the water con-
centration if  specimens are tested submerged in a 
liquid medium. In the latter case the medium is, 
typically, a mix of water and alcohol, being water 
the active corrosive agent and the alcohol the inert 
solvent. The typical results of stress corrosion 
experiments are illustrated in Figure 23.

Assuming it was possible to calculate the stress 
intensity factor for each crack contained in the 
rockfill elementary volume (by using Eq. 19), 
they could be ranked, along the horizontal axis of 
Figure 23.a. According to their value of K, they 

Figure 21. Sketch of elementary volume of rockfill and 
rockfill particles containing a crack which eventually 
propagates producing the breakage of the particle.
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would occupy one of the three regions indicated 
beneath horizontal axis. The boundaries of these 
regions are determined by the fracture toughness, 
KC, and by the stress corrosion limit, K0, a singu-
lar value of K under which the crack propagation 
velocity drops to cero.

Upon the application of a load (stress) 
increment the whole rank of cracks are shifted 
towards higher values of K. Those cracks which 
fall in region III cannot survive. They break imme-
diately in a catastrophic manner, being its propaga-
tion velocity close to the sound velocity in the rock. 
As proposed in the model described in the previ-
ous section, each breakage is linked to a macro-
scopic strain increment of rockfill. Hence, cracks 
reaching region III are responsible for the instan-
taneous strain increment after load application. 
Once broken, these cracks disappear from the rank 
(and obviously from the material too), so in order 
to produce further strain increments more cracks 
have to be brought to region III.

In the other end, cracks in region I do not grow at 
all. Cracks lying in region II grow with a finite prop-
agation velocity whose magnitude depends simulta-
neously on the stress intensity factor and the relative 
humidity or total suction. Looking at Eq. (19) it is 
evident that, under sustained loads, the growth of a 
crack (i.e., the increase of parameter a) implies an 
increase in the stress intensity factor. Hence cracks 
in region II will tend to travel to the right, gradu-
ally increasing their propagation velocity until they 
reach the threshold of fracture toughness and break. 
The resulting succession of breakages is the basic 
mechanism producing the time-dependent strains 
observed in rockfill, its rate depending simultane-
ously on the stress level and water action (measured 
by total suction or relative humidity).

On the other hand, an increase in moisture under 
constant loads would cause the cracks of region II 
to increase their propagation rate, according to the 
new value of total suction attained. Macroscopi-
cally, this would be perceived as increase in the 
rate of macroscopic strain not linked to any stress 
change, i.e., a collapse episode.

5.3 Conceptual model for advanced features

Atkinson (1984) gives a comprehensive compila-
tion of stress corrosion data from minerals and 
rocks (Fig. 24). Among the mathematical models 
available for this phenomenon, Charles (1958) pro-
posed the following simple equation:

V V
K

KC

n⎛
⎝⎜
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠0VV

 
(19)

In which V0 and n are model parameters 
obtained from data fitting, usually done in a dou-
ble-logarithmic plot. The slope n takes high values, 
typically in the range 20−200 (Fig. 24).

In order to explore the implications of  the 
proposed conceptual model, Oldecop & Alonso 
(2007) developed a simplified numerical model of 

Figure 22. Chemical model and stoichiometry for stress 
corrosion reaction of amorphous silica (Michalse & 
Freiman, 1982). (1) Water reacts with the strained 
Si−O−Si bonds at the crack tip. (2) The reaction yields 
the activated complex χ‡ which has weaker bonds than 
the original material. (3) Bonds are broken under the 
applied loads and the reaction products are Si−OH 
groups remaining on each crack surface.

Figure 23. a) Scheme showing the typical shape of 
stress corrosion curves (Oldecop & Alonso, 2007).
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a rockfill particle. The particle was simulated as 
a disc of  rock, containing a crack going-through 
the thickness of  the disc. The disc is loaded by two 
opposite forces and the crack is aligned with the 
loading direction (Fig. 25.a). The failure mode of 
the disc consists in the propagation of the crack by 
the tensile stresses produced by the external loads.

The simple geometry of the model allows com-
puting the factor β by means of an analytical 
expression:

β
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α α

α α
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(20)

with α = 2a /D. Hence the stress intensity factor can 
be computed by means of Eq. (6), for a given load 
and crack length. Knowing the stress intensity fac-
tor at any time of the failure process, it is possible 
to compute the instantaneous value of the crack 
propagation velocity with Eq. (19) provided that 
the material parameters KC, V0 and n are known for 
the disc material. By incremental integration, the 
crack growth history was computed for different 
crack lengths and constant load. The results are 
shown in Figure 25.b for a disc 40 mm in diameter, 
10 mm wide under a constant 2 kN force, using 
average values of the material parameters.

The failure process involves two stages, a first 
one in which crack growth is remarkably slow 

and a second stage in which the propagation 
speeds up and failure is completed in a relatively 
short time. It was found (Oldecop & Alonso, 2007) 
that the survival time of a crack is nearly inversely 
proportional to its initial propagation rate and 
hence, through Eq. (19), also to its initial stress 
intensity factor raised to exponent n and, also, 
to the initial crack length raised to the power n/2 
(through Eq. 6):

t
V K an na

∝ ∝ ∝
1 1 1

2/
 

(21)

At first sight, a surprising fact arises from the 
previous expression. It appears that the survival 
time does not to depend on the size of the parti-
cle. The reason can be found in the two stage fail-
ure process. Along the first stage, the crack size 
remains small in relation to the particle dimensions. 
Its behaviour is close to a crack embedded in an 
infinite body, and the relative position of the body 
edges and the crack does not influence the stress 
intensity factor neither the propagation velocity. 
This means that factor β remains constant along 
the first stage of propagation. Under this hypoth-
esis, Eq. (21) can be also obtained analytically 
(Oldecop & Alonso, 2007). The validity of Eq. (21), 
although it is approximate in nature, is owed to the 
fact that, for the range of survival times bearing 
interest for engineering applications (say 1 minute 
to 1000 years) the first stage of propagation always 
takes a major fraction of the whole failure process. 
The second stage, involving the approach of crack 

Figure 24. Stress corrosion curves of various rocks, 
quartz and glass. Testing condition indicated next to each 
curve: submerged in liquid water, air with controlled rela-
tive humidity (in%) or vacuum. Plots of Charles model 
for different n-values (Oldecop & Alonso, 2007).

Figure 25. a) Scheme of numerical disc model. b) Model 
results.
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tips to the particles edges, the rapid increase of 
factor β and, consequently, the relatively sudden 
development of failure, takes a minor fraction of 
the survival time.

Some additional interesting features arise from 
the disc numerical model. It is apparent from the 
results of the numerical model in Figure 25 that a 
relatively narrow range of initial crack sizes, namely 
4 to 7 mm, give rise to an enormously wide range 
of survival times, namely 1 minute to 1000 years. 
This range widely covers the range of interest for 
civil engineering application. Moreover this feature 
can explain the fact of the apparently unbounded 
deformation process of rockfill, extending over 
decades with no apparent end.

Another interesting feature arises when con-
sidering smaller size particles, sand grains for 
instance. Since, obviously, they cannot contain 
cracks longer than the particle diameter; the sur-
vival time of the cracks existing in those smaller 
particles is such that it would appear that no par-
ticle breakage occurs under normal stress levels. It 
is only under very high stress levels (10−100 MPa) 
that particle breakage can be observed in sands 
(Yamamuro et al., 1996).

Considering a rockfill oedometer specimen 
subjected to a certain vertical stress value, σ, 
a vertical strain increment can be obtained by 
two ways (Fig. 26.a). According to the experi-
mental observations described before, if  a stress 
increment Δσ is applied, a strain increment Δε 
is obtained after a reference time tr. As pre-
viously explained, the value of  tr is conven-
tionally selected. The strain increment can be 
computed with:

Δ
Δ

ε ε ε λ σ ψ σ
σσ

σ σΔ

−ε
+

∫∫ rλ ψrεε ∫
d(λ σσλ σ , )ψ rψ t

0σ

0σσ

 

(22)

where the compressibility index depends on the 
stress and total suction applied and on the ref-
erence time chosen. For the straight portion of 
the compression curve (Fig. 3.b), the solution of 
Eq. (22) is:

Δ
Δε ε ε λ σ σΔ

σ
−ε +rεε Ln

 
(23)

On the other hand, the same strain increment 
Δε can be achieved by holding the stress value σ 
and waiting an additional time Δt = t − tr. Since 
we assume that each strain value attained is tied to 
the breakage of a particular crack r in the particle 
assemble (Fig. 26.b), a relationship between its ini-
tial stress intensity factor and its survival time can 
be established by means of Eq (21). Moreover, the 

stress intensity factor is proportional to the exter-
nal stress. Hence:

t
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Combining Eqs. (21) and (24):
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(25)

Comparing Eq. (25) with Eq. (2), the constant 
ratio between the time-dependent compressibility 
index and

λ
λ

α
tλλ

C

C
C nC

ctn= ≅α = =ctn
1 1.

( )÷20 200  
(26)

Oldecop & Alonso (2007) also demonstrated 
that the same relationship approximately holds for 
the initial curved part of the compression curve.

Figure 26. Conceptual link between time dependent 
compression and crack propagation. a) Stress-strain-time 
behavior. b) Survival times of cracks according to stress 
corrosion model.
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This derivation provides an explanation for the 
experimental behaviour shown in Figure 5. As 
shown in Figure 24, the range of typical values of 
n for different rocks is 20 ÷ 200 (Atkinson, 1984). 
Forty five degrees sloping lines were drawn in 
Figure 5, marking the boundaries of this range. 
The experimental data from oedometer tests of 
Lechago Slate and Garraf Limestone rockfill spec-
imens fit reasonably well within this range, which 
also encompass the experimental data published by 
Mesri et al. (1990).

It is also worth noting in Figure 5 the case 
of  specimens in a very dry state. Tested mate-
rials, when subjected to high suction values 
(250−300 MPa) depart significantly from the 
bulk of  data. This feature can also be explained 
within the theoretical framework developed. In 
a very dry state, water is no longer able to reach 
the propagating tip of  the crack and hence the 
phenomenon turns to be non-dependent of 
water presence. This fact can be deduced from 
the scheme in Figure 23. Stress corrosion experi-
ments in vacuum, which is in fact a very dry envi-
ronment, result in n-values close to the upper 
boundary of  the typical range (Fig. 24). A value 
of  n = 200 seems quite consistent with the oedom-
eter data reported in Figure 5.

6 CONSTITUTIVE MODELS 
FOR ROCKFILL

Oldecop & Alonso (2001) developed an elasto-
plastic constitutive model for rockfill taking into 
account the influence of water in its mechanical 
behaviour. The model was limited to compression 
stress states, i.e. oedometric or isotropic compres-
sion, seizing some features of the BBM (Alonso 
et al., 1990). However, it was realized that the 
influence of suction is of a completely different 
nature in rockfill if  compared with soils. In fact, 
the relevant variables in rockfill are stress and total 
suction (instead of matric suction), the later serv-
ing as a measure of the chemical potential of water 
which, in turn, controls the rate of the stress cor-
rosion reaction.

Figure 27 displays the basic features of the 
model. Under moderate strain levels (up to 8% in 
oedometric compression of Lechago Slate rock-
fill), the stress-strain relationship of many granu-
lar materials is observed to be nearly linear. Hence, 
as shown in Figure 27b, a linear compressibility 
index was defined as λ = dε/dσ (unlike the usual 
λ = σdε/dσ).

The compressibility index was split in two 
components:

λ = λi + λd (ψ) (27)

λi is constant (a model parameter) and serves as a 
low limit under very dry states in which no water 
influence is expected. λd is the suction-dependent 
component given by:
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λi + λd
0 is the compressibility index measured for 

saturated specimens. αψ is given by:

α
χ κ
σ σψ

ψ ψχ κχ
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+

0σσ yσ
 

(29)

The parameter χψ is rate of increment of collapse 
strain with the logarithm of suction decrement. 
It can be measured along a wetting path under a 
constant stress value σ0, as shown in Figure 28. 

Figure 27. Basic features of the elastoplastic model for 
rockfill subjected to isotropic or oedometric compression 
(Oldecop & Alonso, 2001). a) Yield surface formulated in 
the stress-total suction space. b) Total suction—dependent 
stress-strain behaviour.
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The stress σy is a threshold value under which no 
suction dependency is perceived (Fig. 27b). More-
over, under low stress levels, a moderate heave due 
to wetting was systematically measured in Lechago 
slate specimens It was always of minor influence 
and moreover it was not detected in other materi-
als such as Garraf Limestone. However a recov-
erable (“elastic”) heave component was included 
in the model by means of the index κψ = ψ dε/dψ. 
A elastic strain component due to stress changes is 
also considered through the index κ = dε/dσ.

The equation of the yield surface is obtained by 
equating the strain increments computed along the 
alternative paths OC and OABDC, depicted in the 
scheme of Figure 27.a:

F i d
y
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( , ) [ ) ] y )

( )i*
σ ψ,, )) σ λ i[ λ ψd ( )) κ ]] λ ψd (d ))

σ λ i( i* ))
+iλ i[ −κ ] −

=)
0

0σσ 0  
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where σ0* is the hardening parameter. Figure 29 
shows the shape of the yield surface for a given 
set of model parameters fitted to the experimental 
results obtained with Lechago slate. Yield curves 
in Figure 29 serve to explain the intimate relation 
between loading at a given total suction and col-
lapse. Therefore, isotropic yield stress in rockfill is 
also described by an “LC” type of yield curves, as 
in unsaturated soils.

The hardening law is based on the increment of 
the plastic volumetric strain, dε p:

d
d p

iσ ε pp

λ i0σ *

( )λ κi=
 

(31)

By introducing minor changes Oldecop & 
Alonso (2003) extended the model described to 
the high strain stage, were the compression curves 
are no longer linear (but a linear strain-log stress 
holds). Figure 30 compares the model perform-
ance with experimental results.

Chávez & Alonso (2003) describe a complete 
elastoplastic model for triaxial stress states. It 
includes particle breakage and relative humid-
ity effects, Yielding is described by an isotropic 
surface and a deviatoric one. The model adopts, 
as a starting point, the formulation proposed by 
Wood et al. (1994), which is able to describe in a 
simple manner a strain softening behaviour. The 
model introduces a state parameter, namely an 
effective plastic work accumulated by the sample. 
The effective plastic work is defined as the differ-
ence between total plastic work and the work dis-
sipated in particle rearrangements. It was found 
that the effective plastic work could be related 
to particle breakage and also to some material 
parameters. Figure 31 shows the good agreement 
between model calculations and some triaxial tests 
performed on a compacted sample of Lechago 
slate and tested at RH = 36%, RH = 92%, and 
RH = 100% (sample flooded). Peak strength enve-
lopes (Fig. 32) follow a nonlinear law, controlled 
by relative humidity.

Particle breakage was measured in the RH-
controlled triaxial tests performed by Chávez 
(2004). The plot in Figure 33 shows the evolution 
of the Hardin and Marsal breakage parameters 
in triaxial tests performed under RH = 36% and 
RH = 100%. In the figure, breakage parameters are 

Figure 28. Collapse strains measured in Lechago slate 
rockfill specimens along a wetting path under constant 
stress (Oldecop & Alonso, 2001).

Figure 29. Yield surface of the compression model, 
plotted for different values of the hardening parameter 
σ0* (Oldecop & Alonso, 2001).
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plotted against the confining stress of the triaxial 
test. The value measured for σ3 = 0 indicates 
the effect of compaction on particle breakage 
(samples were compacted to an energy equivalent 
to standard Proctor).

Dilatancy and its modelling have been found 
to be a difficult task. One reason is the difficulty 
to find a critical state in most of the tests per-
formed. Samples exhibit a positive dilatancy rate 
at the end of the test, when vertical deformations 
reach high values (around 20%). As in “regular” 
soils, suction contributes to maintain higher void 
ratios and stress ratios for a given confining stress. 
In the tests reported by Chávez et al. (2009) on the 
crushable Lechago slate a reasonable critical state 
could be found for the sample volume at the end 
of the applied shearing stage (Fig. 34). However, 

in the tougher limestone gravel tested by Ortega 
(2008) critical state conditions were far from being 
reached at the end of tests.

Alonso et al. (2007) provide a discussion of 
the dilatancy observed in those tests and develop 
a dilatancy rule, which seems to capture observa-
tions. It was concluded that dilatancy rules of the 
type:

d f
W

p
s

p⎛

⎝⎜
⎛⎛

⎝⎝

⎞

⎠⎟
⎞⎞

⎠⎠
η, ,

 
(32)

in which d d dv
p

s
pε εdv

pp
s
pp ; η is the stress ratio (q/p), 

Wp is the plastic work, and s the suction provides 
a satisfactory simulation of measured dilatancy 
records.

Figure 30. Oedometer tests of Lechago Slate rockfill 
(Oldecop & Alonso, 2003) (a) Loading paths in the 
stress–suction space. (b) Vertical stress against measured 
vertical strain. Square-enclosed numbers indicate flood-
ing of the corresponding specimen. Constitutive model 
parameters obtained from Tests 1 and 2. Constitutive 
model performance is capered to the experimental data 
for tests 3 and 4.

Figure 31. Triaxial test results of samples Pancrudo 
gravel for two relative humidities and for saturated condi-
tions. Confining stress: 0.1 MPa. Comparison with model 
predictions (smooth lines) (Chávez & Alonso, 2003).
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7 DEM MODELLING

An alternative approach to phenomenological mod-
elling is to develop a numerical analysis following 
the Distinct Element Method (DEM) (Cundall & 
Strack, 1979). To be accurate, the model should:

− Approximate realistically the shape of particles
− Simulate particle breakage following a criterion 

consistent with observations
− Include Relative Humidity and time effects

In the remaining of this section an account of 
some developments concerning the application 
of DEM to rockfill modelling will be given. The 
reported results are part of an ongoing research 
whose ultimate objective is the development of 
a virtual laboratory for the investigation of the 
constitutive behaviour of rockfill. Eventually, the 
model may be directly used in the analysis of some 
geotechnical structures.

The computer code PFC3D (Itasca, 2008) offers 
the possibility of programming the kernel code to 
simulate a variety of phenomena. The “clump” 
logic, built into the program, was used to create 
(macro) particle shapes by aggregating spherical 
(micro) particles.

This is illustrated in Figure 35. Pyramidal par-
ticle shapes integrated by 14 spheres were adopted 
as the starting geometry of the numerical tests 
described below.

Once rupture conditions are met, the particles 
divide following the “logic”:

8 6 8 4 4 6 3 3
4 2 2 2 1 1

→ +8 +4 → +3
→ +2 → +1

; ;8 4→ +4 ;
;  

(33)

Note that this logic simulates a “major” break-
age and excludes contact crushing.

Oedometer and triaxial tests on groups of par-
ticles, randomly oriented, having a given critical 
porosity have been performed. Figure 36 shows the 
triaxial sample (height: 50 cm; diameter: 25 cm; ini-
tial uniform particle size: 3 cm). The model requires 
the specification of the normal and shear stiffness 
of particle contacts and its friction coefficient 
(values of 0.93, 0.5 and 0.3 were investigated).

7.1 Partile breakage criteria

The procedure to simulate particle breakage 
requires solving the following issues:

− Stress calculations in macro particles
− Failure criteria for macro particles
− Division of macro particles

Stresses are defined for a representative ele-
mentary volume (REV). The REV in our case 
is the macro particle. The expression derived by 

Figure 32. Triaxial strength of samples Pancrudo gravel for 
two relative humidities (36% and 100%). Comparison with 
model predictions (smooth lines) (Chávez & Alonso, 2003).

Figure 33. Evolution of Hardin and Marsal breakage 
parameters in suction controlled triaxial tests of com-
pacted Pancrudo slate. (Chávez & Alonso, 2003).

Figure 34. Evolution of void ratio on drained triaxial 
tests on compacted Pancrudo slate. Straight lines are 
approximate locus for Critical State conditions at two 
values of Relative Humidity (36% and 100%) (Chávez & 
Alonso, 2003).
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Alonso-Marroquin & Herrman (2005) was used to 
calculate the stress tensor. Then, principal stresses 
are derived.

The adopted failure criterion follows fracture 
mechanic concepts. A defect (crack) of random 

size is assigned to each macro particle. Different 
Probability Density Functions (PDF) of defect 
size were tested. The PDF is related to particle size 
by limiting the maximum defect size to half  the 
equivalent diameter of each macro particle.

The calculation, which is essentially of a 
dynamic nature, develops in time. For every time 
the calculated stress intensity factor is compared 
with rock toughness. K is calculated for the minor 
principal stress, provided it is a tensile stress. When 
K ≥ Kc, the fissure propagates catastrophically and 
the particle breaks.

However, subcritical crack propagation is also 
possible. Atkinson (1984) and Oldecop & Alonso 
(2001; 2007) describe the fundamentals: subcritical 
propagation includes the effects of suction and time.

7.2 Simulated triaxial behaviour

The capabilities of the outlined model are illustrated 
by a few examples that explore several effects:

a) Breakage criteria
b) Particle shape
c) Porosity
d) Toughness
e) Friction coefficient
f) Relative humidity

a) The effect of breakage criteria (no breakage, a 
Mohr-Coulomb criterion and the criterion based 
on crack propagation) are shown in Figure. 37. It 
is clear that breakage was a major effect on stress-
strain behaviour. Particle breakage leads to a 
reduction of peak strength and sample stiffness.

b) Particle shape is illustrated in Figure 38. The 
pyramidal 14 particle shape leads to the highest 
great strength. Planar or spherical shapes result 
in significant reductions in strength.

c) Two porosities were tested (n = 51%; n = 61%)
(Fig. 39). Peak strength was found similar prob-
ably a consequence of particle breakage but 
there was a clear effect on stiffness.

d) Four toughness values were compared in Figure 40. 
In all cases n = 51% and σ3 = 1 MPa. Toughness 
controls the peak strength and has a more limited 
effect on residual strength. Dilatancy changes also 
with particle toughness. The lower Kc, the larger 
the number of particles broken during the test 
and the lower the calculated dilatancy.

e) Friction between particles has a very distinct 
effect on the deviatoric behaviour (Fig. 41). 
Three friction angles (43°, 27° and 17°) were 
tested. The two higher contact friction angles 
led to a “peak” strength followed by residual 
conditions for vertical deformations in excess 
of 15%. The low friction material resulted in a 
ductile behaviour.

Figure 35. Rockfill macroparticle. Real and clump 
models of 1, 4, 5, 13 and 14 microparticles.

Figure 36. Sample for the simulated triaxial test (Alonso 
et al., 2011).

Figure 37. Breakage criteria effect on deviatoric behav-
iour. Comparison among different criteria: No breakage; 
crack propagation based on LEFM and Mohr Coulomb. 
Sample of 100 macroparticles using clumps of 13 micro-
particles. Confining stress: 0.5 MPa (Alonso et al., 
2011).
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f) Relative humidity effects were introduced by 
simulating the crack propagation velocity, which 
depends on relative humidity. Crack propaga-
tion velocity is described by means of a modi-
fied Charles law (Eq. 19), in which parameter 
V0 is a reference velocity and n is an exponent 
that depends on relative humidity. A plot of 
experimental results relating crack propagation 
velocity against (K/Kc) for different humidity 
conditions allowed the derivation of an approx-
imate linear relationship:

 n = 200 − 175(RH) (34)

between the exponent n and relative humidity (in 
a 0−1 scale). The calculation proceeds as follows: 
For a given time increment Δt, the calculated veloc-
ity (Eq. A.5) allows the determination of the incre-
mented crack length (a + da). A particle is assumed 
to be broken when the updated a value reaches the 
average particle dimension.

Figure 38. Shape effects. Results of numerical simu-
lation of triaxial test using macroparticles of 1, 4, and 
13 microparticles. Confining stress 0.5 MPa (Alonso 
et al., 2011).

Figure 39. Initial porosity effect. Comparison between 
two different initial porosities, 51% y 61%. Confining 
stress 1.0 MPa. Sample of 1000 clumps of 14 microparti-
cles (Alonso et al., 2011).

Figure 40. Effect of macroparticle toughness on devi-
atoric behaviour. Comparison among four different 
macro-thougness (1e6, 1e5, 1e4, 1e2 Pa√m). Sample of 
1000 macroparticles using clumps of 14 microparticles . 
Confining stress: 1.0 MPa. Initial porosity: 51% (Alonso 
et al., 2011).

Figure 41. Friction coefficient effect on deviatoric 
behaviour. Comparison among three friction coefficients 
(0.93, 0.50, 0.30). Sample of 1000 macroparticles using 
clumps of 14 microparticles. Confining stress: 1.0 MPa. 
Initial porosity: 51% (Alonso et al., 2011).

Figure 42. Effect of full wetting of a sample initially 
loaded ata constant Relative Humidity of 10%.
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The test simulated in Figure 42 reproduces 
one of the triaxial tests on hard limestone gravel 
reported by Ortega (2008). The specimen loaded at 
a constant axial strain rate and flooded at a partic-
ular strain, experiences a collapse of the structure 
due to the breakage of some particles. The devia-
toric stress drops to a new equilibrium state. Upon 
further straining the sample reacts with an increas-
ing deviatoric stress and it will eventually reach a 
strength associated with the condition RH = 100%. 
The sudden wetting results in a sudden breakage of 
grains and in a sudden decrease in porosity.

The examples shown provide an overview of the 
model performance. In a paper submitted to the 
conference, Tapias et al. (2013) investigate the scale 
effects in short and long term compressibility. The 
model, to be useful in practice, requires a calibra-
tion against actual experimental results.

8 CONCLUDING REMARKS

The behaviour of coarse granular materials and 
rockfill requires, for a proper understanding, 
a wider framework: the framework offered by 
Unsaturated Soil Mechanics. In this way a more 
equilibrated and comprehensible view of the devel-
opments described in this paper may emerge.

In this regard, it is useful to recall the recent 
history of development. After a long period domi-
nated by empiricism, a systematic research into the 
mechanics of unsaturated soil started in the 80’s of 
20th century. It could be interpreted, when reading 
some of the papers published, that a unique theory 
could be found to solve and explain, in a satisfac-
tory and complete manner, the effect of lack of 
saturation. Research centered in the pursuit of a 
theoretical paradigm for understanding the effect 
of the simultaneous presence of air and water in 
soil pores.

However, the scenario which progressively 
unfolded turned out to be more complex and rich 
in nuances than originally suspected. In the 90’s 
increasing attention was given to the microstruc-
ture of soils, typically through the investigation of 
the pore size distribution. If  air and water occupies 
the pores it was a logical step, thinking in terms 
of capillary forces, to pay special attention to the 
distribution of water and to the role of pore fami-
lies in explaining the overall effect of suction. The 
attention to microstructure is currently one of the 
active lines of research in unsaturated soils.

Laboratory research has often been directed to a 
limited class of soils: low plasticity clays and silts. 
These are materials where capillary concepts seem 
to apply and their permeability is high enough 
to allow reasonable times in suction control-
led drained tests. These soils are often artificially 

manufactured by mixing dry powder with water 
and statically compacting the mixture at a high 
void ratio to ensure a measurable and consistent 
response of the soil to stress and suction changes. 
This trend left outside the mainstream of research 
the natural soils and the compacted materials used 
in practice, including gravelly materials and rock-
fill, as well as compacted “soils” derived from soft 
rocks, such as marls.

The sensitivity of coarse granular soils to water 
action was known well before theories explaining 
the mechanisms were available. Particle breakage 
was soon identified as a relevant mechanism. Inter-
estingly the concept of water energy or suction was 
the link between these two observations.

The fundamental mechanisms of deformation 
of an extremely wide range of materials ranging 
from high plasticity expansive clays, natural or 
compacted, to rockfill make it very unlikely that 
a unique constitutive framework could be devised, 
just focusing in the condition of lack of saturation. 
Attention should be given to the physical deforma-
tion mechanisms at the pore of particle scale even 
if  the ultimate objective is to find “large scale” or 
macroscopic stress-strain laws applicable in engi-
neering practice.

Consider in Figure 43 a list of soils arranged in 
terms of particle size:

− The particle size of gravels and rockfill varies 
approximately between two extreme sizes: 1 cm 
and 1 m. Their deformation is dominated by 
particle breakage and also by the re-arrangement 
of the granular structure. Particle breakage is 
explained by fracture propagation within the 
grains or rock fragments. Breakage is possible 
because the grain size results in a low number of 
contacts per unit area or per unit volume. The 
weight of these granular aggregates depends on 
their density and on their total porosity, mag-
nitudes which are largely independent of grain 
size. As a result contact forces among grains 
of an accumulation of grains (i.e., an embank-
ment) increase with the size of grains. Contact 
forces are high enough to let the stress intensity 
factor inside the grains to approach the rock 
or grain mineral toughness. This facilitates the 
propagation of fissures, whose rate of growth is 
proportional to the relative humidity. Therefore 
total suction is controlling particle breakage and 
its associated manifestations, namely collapse 
behaviour and “creep” deformation.

− Sands span the particle size range 101 – 10−1 mm. 
The number of contacts per unit volume now 
increases substantially, for a given reference total 
stress. Conceptually, this is a scaled material if  
compared with rockfill but their behaviour is dif-
ferent because the stress intensity factor of their 
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particles is now far from approaching the grain 
mineral toughness. Particle breakage becomes 
irrelevant in typical engineering applications. RH 
of the atmosphere in pores becomes also irrele-
vant. However, if grain size decrease to the smaller 
size (say, fine sands) capillary forces between 
grains may approach the (small) contact forces 
between grains associated with self weight or 
external loading. Then capillary forces, linked to 
capillary suction, become progressively relevant. 
In silts (particle sizes varying between 8.10−2 and 
2.10−3 mm), capillary forces become more relevant 
because contact forces induced by external stresses 
or weight decrease continuously with decreasing 
particle size. Microstructure continues to be sim-
ple (monomodal pore size distributions) and cap-
illary suction remains as the operative suction.

− The transit to clay soils implies a fundamental 
change. Bi-modal pore size distributions are 
common. The two dominant pore sizes (in short, 
“macro” and “micro”) are separated by several 
orders of magnitude. Capillary suction is useful 
to understand the macro response but the cen-
tral role of surface tension in capillary suction 
loses its relevance when examining the physico-
chemical phenomena explaining the adsorption 
of water by the clay crystal surfaces. However, 
the reduced space between clay particles, stacked 
together in aggregates, suggests that clay aggre-
gates may act as semi-permeable membranes 
in contact with the “free” water occupying the 
macroporosity. This explanation and some 
experimental results suggest that total suction 
controls the clay aggregate deformations. Hav-
ing in mind the imperfect nature of the semiper-
meable “membranes” bounding the aggregates, 
only part of the osmotic suction will contribute 
to the total suction explaining the clay mechani-
cal behaviour. We may introduce the concept 
of efficiency of the osmotic component. Then 

a more complex situation comes out: capillary 
suction will control the deformations of the 
macrostructure and total suction, with a reduced 
osmotic component, will explain the deforma-
tions of aggregates (micro deformations). RH is 
again relevant in clayey soils.

Particle size is far of giving precise information 
of real soils. Soil classification is an alternative. 
Figure 43 includes a proposal to relate operative suc-
tion with soils defined by means of the Casagrande 
classification. Some soils are easily placed in the plot. 
Others occupy transition positions. Among them, 
the clays of low to medium plasticity and the silt-clay 
or even clay-gravel mixtures often found as natural 
or compacted soils. Figure 43 does not cover all soils 
of interest in geotechnical applications. Cemented 
soils are widely distributed. This is the case of loess 
and alluvial soils in arid environments, residual soils 
and tropical soils. They are often unsaturated. Soft 
clayey rocks are also common in practice. Before 
quarrying them they are low porosity materials of 
varying cementation. Degradation in the presence 
of atmospheric actions may be approached with the 
tools offered by unsaturated soil mechanics. When 
compacted, they exhibit properties similar to the 
described behaviour of rockfill, when the prevailing 
suction is high, but they become a “true” plastic soil 
when suction is low (Cardoso et al., 2012).

The soil groups identified previously require spe-
cific constitutive models because of the identified 
deformation mechanisms but, also, because of the 
nature and role of the water suction. The link among 
all of the mentioned soil classes may perhaps be found 
in the concept of the “Loading Collapse” or LC yield 
locus. This idea, whose origin is traced to the simple 
BBM model, is also present in the models described 
here for rockfill. Even if the underlying mechanisms 
(particle breakage or capillary contact forces) are 
widely different, the fact is that loading and collapse 
phenomena are directly linked in both cases.
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ABSTRACT: Pavements are designed using assumed moduli of the layers and permanent deformation 
properties of the base course in order to account for the effects of traffic and the weather on the long term 
performance of the pavement. Performance includes the rate of development of roughness, rutting, and 
various forms of cracking. However, when the pavement is constructed, acceptance of the project rarely 
includes verifying that the as-built pavement has the properties that were assumed when it was designed. 
This paper shows how the use of the principles of unsaturated soil mechanics brings us closer to being 
able to both design and verify the design assumptions as part of the construction quality control and 
quality assurance process. The Soil Water Characteristic Curve (SWCC) and a new characteristic, the Soil 
Dielectric Characteristic Curve (SDCC) are of central importance to these processes and can be easily 
constructed using simple laboratory equipment that is robust enough to take into the field and on to a 
construction site. The importance of suction in controlling the important performance related properties 
of pavement layers is illustrated with several examples relating to different forms of pavement distress in 
which suction plays an important role.

designed are not determined as a general rule. This 
is perplexing since several studies have shown that 
there is only a slight relationship between the dry 
density of a base course layer and its modulus. 
Recent developments in the construction quality 
control and quality assurance processes have been 
experimenting with ways of measuring the base 
course modulus in the field but their full imple-
mentation lies well into the future.

1.3 Performance of pavements

Well designed and built pavements must resist vari-
ous types of distress due both to traffic and weather 
and maintain an acceptably smooth and quiet rid-
ing quality for an extended period of time. The 
modulus and permanent deformation properties 
of the base course play an important role in how 
well a pavement serves this intended purpose It is 
even more important for performance that a base 
course can be evaluated at the time of construc-
tion for its ability to resist the changes that will be 
imposed on it by moisture, freezing and thawing 
and traffic stresses. In addition, the distortions to 

1 INTRODUCTION

1.1 Design of pavements

Pavements are designed to carry traffic loads by 
arranging the layers to have a modulus and thick-
ness that will carry the traffic loads well for several 
decades. In both asphalt and concrete pavements, 
the base course provides a major load-bearing com-
ponent of the pavement. In addition to assuming 
the modulus of the base course, the designer also 
assumes the permanent deformation properties of 
the base course and uses these assumed values in 
predicting the development of rutting and rough-
ness with time. The assumed values are usually 
based on laboratory or field nondestructive testing 
measurements to which the designer has access.

1.2 Construction of pavements

When the pavement is constructed, the compac-
tion of the base course is verified by various means 
but the modulus or permanent deformation prop-
erties that were assumed when the pavement was 
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the pavement surface by volumetrically active sub-
grade soils such as expansive soils and frost heav-
ing soils need to be anticipated and, as far as is 
cost-effective, neutralized. If  the surface layer is 
asphalt, it too, may deteriorate prematurely due to 
moisture damage. In all of this, the physical quan-
tity that is central to making realistic evaluations 
of these pavement properties is the suction. This 
paper presents a novel process that has been devel-
oped making use of the principles of unsaturated 
soil mechanics to make these evaluations of pave-
ment properties practical making use of the con-
trolling role that is played by suction.

The process makes use of models of the relevant 
properties of base courses and subgrade soils and 
makes use of these models for design, construction 
quality control and assurance and performance 
prediction.

2 DESIGN OF PAVEMENTS

The model of the resilient modulus of a base 
course is stress-dependent, including its depend-
ence upon suction.
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where I1 = the first invariant of the stress tensor; 
Pa = the atmospheric pressure; θ = the volumetric 
water content; hm = the initial matric suction in the 
aggregate matrix; f = saturation factor, 1 1≤ ≤f θ ; 
τoct = the octahedral shear stress; α and β = Henkel 
pore water pressure parameters; and k1, k2 and 
k3 = material parameters that are dependent on 
material properties dry unit weight, water content, 
Methylene Blue Value, pfc, and aggregate grada-
tion, angularity, and shape (Ashtiani, 2009 and 
Ashtiani, et al., 2010).

During the modeling process, θ and f were firstly 
calculated based on the dry density (γd) and water 
content (ω). Then the Solver Function in the soft-
ware Excel was used to search for hm, α, β and k 
values while minimizing the fitting error. The mod-
eling results show that the average R-squared value 
of all data sets was 0.943, which demonstrates the 
goodness of the model fit.

The predicted k values are material properties 
that depend on the properties of aggregate particles 
and aggregate matrix. Statistical analysis was per-
formed to investigate the correlation between the 
k values and the aggregate properties, such as the 
dry density, water content, Methylene Blue Value 

(MBV), pfc, and aggregate gradation, angularity, 
shape and texture in terms of Weibull distribution 
parameters.. Equations (2) through (4) present the 
statistical models of k1, k2 and k3.
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Typical values of the Henkel pore water pressure 
coefficients range between −0.003 to 0.380 for α 
and between 0.787 and 6.661 for β (Henkel, 1960; 
Holtz & Kovacs, 1981).

The permanent deformation model needs to be 
established to predict the long-term performance 
of granular materials accurately. The vast majority 
of permanent deformation models found in litera-
ture were developed based on using the laboratory 
test results. In this study, the VESYS model and 
MEPDG model were used to evaluate the perma-
nent deformation behavior of aggregate materials 
(Tseng & Lytton 1989).

2.1 VESYS model

The VESYS model assumes that the relationship 
between permanent deformation and number of 
load applications is linear in a logarithm scale 
(Lai, 1977; Kenis, 1977), which is expressed in 
Equation (5).
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By assuming the resilient strain is constant for 
each loading application, Equation (6) can be 
expressed as:
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Assuming εr and α = 1-S, Equation (7) can be 
rewritten as:
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where εr = the resilient strain of the granular aggre-
gate; ε p = the permanent strain of the granular 
aggregate; N = the number of load cycles; μ = the 
parameter representing the constant of propor-
tionality between permanent and resilient strain; 
and α = the parameter indicating the rate of 

CAICEDO.indb   88CAICEDO.indb   88 12/27/2012   4:57:57 PM12/27/2012   4:57:57 PM



89

decrease in permanent strain with the number of 
load applications.

2.2 MEPDG Model

Tseng & Lytton (1989) developed a three-param-
eter model to predict the relationship between 
permanent strain and number of loading cycles 
for a granular material, which is expressed in 
Equation (8):
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where εp = permanent strain of granular material; 
ε0 = the maximum permanent strain; ρ = the scale 
factor; and β = the shape factor.

In the MEPDG manual, this equation was 
modified to predict the permanent deforma-
tion of aggregate layers with thickness h, using 
Equation (9):
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(9)

where εv = the vertical strain in the granular aggre-
gate layer; and h = the thickness of the aggregate 
layer.

2.3 Models of the VESYS permanent 
deformation properties

The μ and α properties of the base courses that 
were modeled by regression analysis to determine 
which of the indicator tests can reliably predict 
these properties. The μ-value is an estimate of 
the permanent strain that will develop in the base 
course on the first load application. A larger value 
of the μ-value denotes a base course that is more 
prone to permanent deformation. The equation 
that predicts it is in Equation (10):

μ =  −247.47 + 33.53 Log (γd ) + 5.258 Log (ω) 
+ 0.1942 (pfc) − 0.007848 (λA) (10)

The α-value is an inverse measure of  the rate 
at which permanent deformation develops in 
the base course. A larger value of  the α-value 
means a slower rate of  development of  per-
manent deformation development in the base 
course. The equation that predicts it is in Equa-
tion (11):

α =  −25.14 + 3.594 Log(γd) − 0.000913 (λA) 
+ 0.473 (α G) − 0.1699 (αA) + 0.1001(α S) (11)

2.4 Models of the MEPDG permanent 
deformation properties

The three MEPDG properties are the εo, ρ, and β. 
The first of these, εo, is the maximum permanent 
strain that will develop in the base course. The 
second symbol, ρ, is a measure of how many load 
applications that will cause 36.8% of this strain 
level, and the third symbol, β, is an inverse measure 
of the initial rate of rise of the permanent defor-
mation. The equation for εo is in Equation (12):

εo =  −13.796 + 0.1936 (pfc) − 0.0157 (λT) 
+ 4.316 Log (ω) +1.579 (αA) (12)

A larger ρ-value indicates a longer service life 
under traffic. The equation for the ρ-value is in 
Equation (13):

ρ =  33.07 − 3.348 Log (γd) + 0.0258 (pfc) 
− 0.7954 (αG) (13)

The β-value was practically constant for all of 
the base courses that were tested. A very good 
value of the β-value is its mean as is given in Equa-
tion (14):

β = 0.304 (14)

The indicators of these permanent deformation 
properties are a mixture of those that can only be 
measured in the laboratory and others that can also 
be measured in the field. In the laboratory, the per-
manent deformation indicators that can be meas-
ured are the dry unit weight, the gradation and the 
Weibull measures of shape, angularity and texture. 
In the field, the permanent deformation indicators 
that can be measured are the Methylene Blue Value, 
the percent fines content (pfc) and the water content. 
Even though the dry unit weight can also be meas-
ured in the field, it is not a very sensitive variable in 
these equations and can be assumed with sufficient 
accuracy for these purposes from the laboratory 
compaction curve for a known water content.

These equations can be used to predict the resil-
ient modulus and permanent deformation proper-
ties of base courses. The properties that enter into 
the equations can be divided into two categories: 
those that can be measured in the laboratory prior 
to construction and those that can be measured 
both in the lab and in the field. The field measure-
ments should be capable of determining the most 
sensitive variables in the field which when com-
bined with the less sensitive variables measured in 
the lab alone allow an accurate determination of 
the resilient modulus and permanent deformation 
properties of the base course in the field.
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The laboratory properties are the aggregate 
gradation (G), shape (S), angularity (A), and tex-
ture (T) Wiebull shape and scale parameters, α 
and λ and the compaction curve. The properties 
that can be measured both in the laboratory and 
the field are the Methylene Blue Value (MBV), the 
percent fines content (pfc), the matric suction, hm, 
the dry unit weight, γd, and the water content, ω. 
Of these, the suction, dry unit weight and water 
content are highly variable in the field.

The process that has been developed makes use 
of one other measurement that can be made both 
in the laboratory and the field: the dielectric con-
stant of the base course using a hand-held device 
which is capable of measuring both the permittiv-
ity (the complex dielectric value) and the electri-
cal conductivity of a material with which it is in 
contact. The first letters of the two measurements 
it makes have been combined to give the device its 
name: the Percometer:

These equations may be used in estimating 
the properties of the base course while the pave-
ment is being designed. They can also be used in 
the field to verify that the in-place, as compacted 
base course has the resilient modulus and perma-
nent deformation properties that were assumed in 
the design. Furthermore, these properties may be 
used in making the same performance predictions 
in the field that were used originally as a basis for 
the pavement design. The question remains: how 
can the highly variable inputs to these equations 
such as percent fines content, water content, dry 
unit weight, and matric suction be measured in 
the field at the time of construction? The answer 
to that question is summarized in the next section 
of this paper.

3 CONSTRUCTION OF PAVEMENTS

The process of measuring the highly variable 
inputs to the resilient modulus and permanent 
deformation property equations starts with the 
Methylene Blue test using a new process developed 
by the W. R. Grace Corporation. Figure 1 shows a 
picture of this device.

Methylene blue is a large organic polar molecule 
which is absorbed onto the negatively charged sur-
face of a clay mineral. The concentration of nega-
tively charged particle locations on the clay surface 
controls the amount of methylene blue absorbed 
by a given mass of soil. Therefore the relative sur-
face areas of clay particles are determined by using 
a methylene blue solution of a known concentra-
tion (Phelps & Harris, 1967).

Since methylene blue molecules are absorbed 
at negatively charged clay locations, the absorbed 
methylene blue may give a measurement of the 

cation exchange capacity (CEC) of clay samples 
(Fairbairn & Robertson, 1957).

A number of researchers have assessed that the 
cation exchange capacity (CEC) is an indicator of 
methylene blue dye adsorption (Wang & Wand 
1993). This conclusion provides recent empirical 
implementation in field testing. The methylene 
blue method is simple, rapid and reproducible. The 
methylene blue test was considered to be appropri-
ate for industrial uses. A methylene blue test pro-
cedure was developed to determine the active clay 
content. This method is included in the European 
Standards to assess deleterious clay in concretes 
(Yool et al., 1998).

ASTM C 837 is a standard test method for a 
methylene blue test index of clay to assess the 
active fine particles in a mixture. The purpose of 
this test is to measure the adsorbed methylene blue 
dye by clay. AASHTO T 330-07 is also a standard 
test method measuring the qualitative detection of 
harmful clays in the smectite group in an aggregate 
mix. This method determines the surface activity 
of the aggregate through identifying the smectite 
group material which is considered to be harmful 
clay. The Grace methylene blue test method is a 
more time effective test method compared to both 
ASTM and AASHTO standards.

The next part of the answer comes from the 
determination the size distribution and minera-
logical character of the fines in a base course. It is 
a well known fact that the fines are very important 
to the performance of a base course, a fact that is 
borne out by the models of both the resilient mod-
ulus and permanent deformation properties.

The Horiba Laser Scattering Particle Size Dis-
tribution Analyzer is a device to determine particle 
size fraction distribution of a soil mixture. A vis-
cous solution, composed of soil and water, flows 
through a beam of light to detect particle sizes. 
The light scattering device analyzes various particle 
dimensions in the viscous solution passing through 
the light beam. The data analysis runs through the 
Horiba software and produces a distribution of 

Figure 1. A picture of the Grace methylene blue test 
apparatus.
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size fractions from the smallest to largest particle 
dimension.

The soil mixtures are analyzed in the laboratory 
with the particle size distribution analyzer version 
LA-910, which is produced by Horiba Instru-
ments, Inc. The sample passing the No. 40 sieve 
size is then sieved through the No. 200 sieve, which 
represents the desired largest sieve number that is 
used to analyze the soil sample for this project. The 
percent fines contents (pfc) represents the particle 
size fraction passing the No. 200 (0.0075 mm) 
sieve size. Thus, to achieve this purpose, the larg-
est sieve size that must be used is the No. 200, and 
the fines content of that size must be analyzed.

3.1 Relationship between MBV and pfc

The methylene blue test evaluates the fine frac-
tion of an aggregate system in an aggregate mix. 
The methylene blue test is considered to be a more 
suitable test method compared to other standard 
methods to determine the deleterious fine particles 
in a mixture.

In addition to the traditional methylene blue test, 
the Grace methylene blue test is a significantly more 
rapid, reproducible and simple method to estimate 
the percent fines amount. This new test method is 
improved to assess a relation between the adsorbed 
methylene blue and the percent fines fraction espe-
cially in aggregate mixes. This improvement war-
rants the assessment of the methylene blue value 
for the smaller than No. 4 sieve size fraction rather 
than the size smaller than 2 mm. Additionally, the 
test method is applicable both in the laboratory 
and in field applications because the test method 
requires fewer experimental tools.

Various aggregate samples were compiled 
throughout Texas to identify the percent fines con-
tent. Nine-(9) aggregate quarries provided samples 
within a three-(3) month time period. The portion 
passing the No. 4 sieve was employed to assess the 
percent fines content. The Grace methylene blue 
test and Horiba Particle Size Distribution Ana-
lyzer were performed on more than a hundred 
(100) aggregate samples. Based on the test out-
comes a general mathematical relation was gen-
erated between the methylene blue value and the 
percent clay content. This relation shows a general 
form of methylene blue value and fine content for 
nine quarries in Texas. The relation between meth-
ylene blue value (MBV) and percent fines content 
(pfc) is given in Figure 2.

The curve relating the methylene blue value 
(MBV) and the percent fines content (pfc) is a 
“C” shaped curve. This curve is divided into two 
zones in Figure 2 based on the methylene blue 
value. Zone-II is where the methylene blue value 
is greater than 7 (mg/g), and Zone-I is where the 

methylene blue value is smaller than 7 (mg/g). The 
MBV value reading at 7 (mg/g) is considered as the 
critical methylene blue value (MBVc). There is an 
inverse ratio between the MBV and pfc when the 
MBV is below the critical MBV. As the MB value 
increases until 7 (mg/g), the pfc values decrease. 
There is a direct proportion in Zone-II where the 
MBV is above the critical MBV. If  the MB value 
is above the critical MBV, then as the MB value 
increases, the pfc values increase. Furthermore, test 
results showed that if  a sample is above the critical 
MBV point, they have higher liquid limit values. In 
other words samples above located in Zone-II are 
more active than samples located in Zone-I. Typi-
cally, more “active” means having a higher surface 
area of the particles per unit weight.

The form of the equation for this “C” shaped 
curve is in Equation (15).

pfcff
a

b Mn= +
( )MBV

( )MBVMM
 

(15)

where a,b,n = coefficient parameters depend on soil 
type; MBV = methylene blue value; and pfc = per-
cent fines content.

Each quarry has its unique set of coefficients a, 
b, and n. After running a minimum of 6 Methylene 
Blue tests and the particle size analyzer, it is possi-
ble to draw the curve and its 90 percent confidence 
limits. Two examples of the MBV-vs-pfc curves of 
such quarries are shown in Figures 3a and 3b. The 
quarry in Figure 3a is known to produce a very 
high quality base course material.

The base course from the quarry in Figure 3b is 
known to be a poor base course material because 
of its high clayey fines content.

The next part of the process is in developing the 
dependence of the soil water characteristic curve 
(SWCC) on the percent fines content.

Figure 2. Characteristic curve of methylene blue value 
versus percent fines content.
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3.2 Suction-Water Characteristic Curves 
(SWCC)

The soil water characteristic curve is a relation 
between soil suction and moisture content. The 
SWCC curve depends on the type of soil and 
aggregates. All of the measured test data have been 
used to generate a SWCC for each of the various 
aggregate sources.

The experimental study found that the methylene 
blue test and percent fines content (pfc) value have 
relations that fit well with several important aggre-
gate characteristics. The pfc is an input parameter 
to generate the suction water characteristic curve 
(SWCC) and the suction dielectric characteristic 
curve (SDCC). These curves are generated by using 
four parameters, all of which are functions of the 
pfc. Consequently, the pfc is a vital parameter to be 
determined in order to generate the entire curve of 
both the SWCC and SDCC.

The four SWCC curve parameters depend upon 
two experimental parameters that come from the 
gradation curve and the Methylene Blue test. 
These parameters are the percent of soil weight 
smaller than 75 μm (#200 sieve) and 2 μm. The 
second parameter is the percent of fines content 
which is the amount of the sample that is smaller 

than 2 microns (2 μm). Both sizes are determined 
by the particle size distribution curve. This percent 
value is denoted percent fines content (pfc) to rep-
resent the clay content which passes the No. 200 
Sieve (Sahin 2011). The mathematical formulation 
of the pfc is shown in Equation (16).

pfcff
m

No
=

−
−

×
2

200
100μmm

.  
(16)

where −2μm = sample weight smaller than 
2 micrometers in percent; and −No. 200 = sample 
weight smaller than 75 micrometers in percent.

The methylene blue test is performed to deter-
mine the pfc for an aggregate mixture as explained 
previously.

The relation between the soil moisture content 
and suction is represented with the soil water char-
acteristic curve (SWCC). The form of the SWCC 
which is based on the volumetric water content 
and suction is by Fredlund & Xing (1994). The 
proposed SWCC curve relation is given in Equa-
tions (17) and (18).
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(18)

where af = a soil parameter which is primarily a 
function of the air entry value of the soil in kPa; 
bf = a soil parameter which is primarily a function 
of the rate of water extraction from the soil, once 
the air entry value has been exceeded; cf = a soil 
parameter which is primarily a function of the 
residual water content; hr = a soil parameter which 
is primarily a function of the suction at which 
residual water content occurs in kPa; θs = Satu-
rated volumetric water content; and θs = Volumet-
ric water content.

To be able to generate the SWCC curve, the four 
parameters in the Fredlund & Xing (1994) equa-
tion need to be calculated. The SWCC is generated 
with these four parameters: af, bf, cf and hr and pro-
vides the full range of suction and water content 
values. A recent study showed that all of these four 
parameters depend upon the pfc value and a rela-
tion between each of the four parameters and pfc 
was proposed by Sahin (2011). This study found 
that each parameter has a unique function based 
on the pfc.

Figure 3a. MBV versus pfc for a quality base course.

Figure 3b. MBV versus pfc for a poor quality base course.
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The four parameters in the Fredlund & Xing 
(1994) formulation are estimated by using the 
SOLVER function in MS Excel. Based on the 
SOLVER data mathematical equations are devel-
oped for each parameter. Each parameter is a 
function of Percent Fines Content (pfc).

The air entry value of soil, af, is formulated 
based on the soil pfc value and given in Equation 
(19). The rate of water extraction of the soil after 
exceeding the air entry value, bf, is formulated in 
Equation (20). The value of bf decreases as the pfc 
value increases. The mathematical formulation for 
the residual water content of the soil of cf is given 
in Equation (21).The mathematical formulation 
for the suction value at which the residual water 
content occurs, hr is given in Equation (22).

a ef
pfcff( )psi . .= 0 6384 0 0369

 
(19)

b efb
pfcff−

7 8
0 037

.
.

 
(20)

c ef
pfcff0 126 0 0211. .

 
(21)

h p pfc pff fcpprhh ( )psi . pfcff .= − + +pfcp0 0018 0 5206 2 43052
 

(22)

The suctions were measured using the filter 
paper method. Both total and matric suction can 
be determined by means of the filter paper method 
(ASTM D 5298). In matric suction measurement 
the filter paper is placed between two samples. 
When the samples reach equilibrium, the suction 
in the sample and filter papers will be equal. An 
illustration of the test sample setup is shown in 
Figure 4.

The standard filter paper suction testwas used 
to measure the matric suction of the passing 
No. 4 sieve size fraction. Two compacted aggregate 
samples are prepared by using standard compac-
tion method used in ASTM D 698. The size of the 
compacted samples is 38 mm. high and 76 mm. 
in diameter. The compacted soil samples are kept 
in 100 percent humidity room to reach 2 percent 
moisture content. When the samples have reached 
the desired moisture content, they are taken from 
the environmental room, and immediately placed 
with the filter paper in closed containers.

The SWCC shown in Figure 4 is an example of 
a typical base course sample. The suction value of 
4.86 pF corresponds to a volumetric moisture con-
tent of 3.70 in Figure 5. The point shown on the 
graph is the separately measured filter paper suc-
tion and water content.

The accuracy of the SWCC curve to repro-
duce the measured value of the matric suction is 
important to the process of determining the per-
formance-related properties of a base course in the 
field. A direct measurement that is directly related 
to the water content is the dielectric constant of 

the soil using the percometer. The percometer is 
commonly used to measure soil dielectric permit-
tivity and conductivity in soil studies (Yeo and 
et al., 2012). The percometer is a non-destructive 
test instrument which can be used both in the 
laboratory and for in-situ testing, while providing 
quick (15 seconds) and accurate readings. A per-
cometer monitor and a surface probe is shown in 
Figure 6. The percometer is a frequency domain 
device which measures at a frequency of 50 kHz. 
The accurate definition of dielectric constant (εr) 
is the real part of the relative complex electric per-
mittivity which is directly related to the moisture 
content in the material (Saue & et al., 2008).

The dielectric value (εr) of a base course is a com-
posite of the dielectric values of the components of 
the base course: solids, water, and air. Theoretical 
developments supported by laboratory and field 
measurements have shown that the composite die-
lectric is weighted by the volume concentration of 
the components as in the following Equation (23).

ε εrεε nεε riε nεε
i

n

ic
=
∑

1  
(23)

Figure 4. Test setup for measuring total and matric suc-
tion in compacted base course samples.

Figure 5. Typical soil water characteristic curve (SWCC) 
for a compacted base course.
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where ci = volume concentration of the ith compo-
nent of a mixture; εr = the dielectric constant of the 
ith component; n = an exponent which may range 
between ¼ and 1.

The most commonly used value of the expo-
nent, n = 1/2 produces the Complex Refraction 
Index Model (CRIM).

The Complex Refraction Index Model (CRIM) 
is used to determine the dielectric value in the 
aggregate mix. The CRIM model is used to deter-
mine the dielectric constant of the solids εs value 
for the mix. The dielectric value (εr) of the base 
course is measured by using the Percometer. The 
relative dielectric value of the water in Equation 
(24) is a known parameter, 81. The only unknown 
parameter is the dielectric value of solid, εs and it 
is calculated because the two other parameters are 
known in Equation (23). The saturated dielectric 
value of the material needs to be determined in 
Equation (25). The saturated dielectric value εr can 
be calculated by using both θsat and θsolid in Equa-
tion (25). The saturated dielectric value of the base 
course is calculated in Equation (25). The CRIM 
dielectric value equation is given as follows:

ε ε θ ε θr sε εε solidθθ wθθw−ε(( ) (( ) +⎡
⎣

⎤
⎦
⎤⎤θ1 1θθ w) −εw( 1

 
(24)

The saturated dielectric value is calculated in 
Equation (25):

ε ε ε θrεε
sat sθθsε olid sθw at( ) −ε(( ) (( ) +⎡

⎣
⎤
⎦
⎤⎤1 1θ εθθ w) −εw( 1

 
(25)

where εr = dielectric value; εs = dielectric value of 
solid; εw = dielectric value of water; θsolid = volumet-
ric solid. εr = dielectric value; εs = dielectric value of 
solid; εw = dielectric value of water; θsolid = volumet-
ric solid. θw = volumetric water content; θsat = satu-
rated volumetric water content

The relation between the base course material 
suction and the dielectric value was investigated by 

using a percometer and filter paper measurements 
of suction. A large number of these measurements 
were performed on various materials that are com-
piled from nine-(9) different quarries. All of these 
measurements were used to develop a unique suc-
tion-dielectric constant relationship which gives the 
whole range of suction change with the material 
dielectric constant. This model is denoted as Soil 
Dielectric Characteristic Curve (SDCC). A typical 
SDCC curve is shown in Figure 7.

The matric suction that was measured with filter 
paper for this base course material is shown super-
imposed on the SDCC curve generated using the 
same Fredlund & Xing (1994) forms of equation 
as shown in Equations (26) and (27):
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(27)

where: af = a soil parameter which is primarily a 
function of the air entry value of the soil in kPa; 
bf = a soil parameter which is primarily a function 
of the rate of water extraction from the soil, once 
the air entry value has been exceeded; cf = a soil 
parameter which is primarily a function of the 
residual water content; hr = a soil parameter which 
is primarily a function of the suction at which the 
residual water content occurs in kPa; εsat = satu-
rated dielectric value; and εr = dielectric value.

The SDCC equation consists of four similar 
parameters that allow the entire curve to be generated 
using the same methodology as the SWCC. These af, 
bf, cf and hr four parameters also depend entirely on 
the pfc value of the mix. There are two sets of equa-
tions: one for those base courses with MBV values 
smaller than the critical value of 7.0 mg/g and the 
other for those base courses with MBV-values greater 
than 7.0 mg/g. the equations for the base courses 
with MBV less than 7.0 mg/g are as follows:

pfcxMBVf 3 0 0015. (x976 ) .  (28)

b x pf
x f

fb
+

−1x 0
4 1x 0 0x +x− 0301

8 2

7
( )pfcxMBVpfcxMBV

( )pfcxMBVpfcxMBVpfcxMBV .  (29)

c f
pf

f

+

−10
3 1x3 1x 0 0x +x− 0113

7 2

6
)pfcxMBVpppfcxMBVp

( )pfcxMBVpfcxMBVpfcxMBV .
 

(30)

h x pfcxMBVrh 2 0183. (x ) .
 

(31)

Figure 6. Photograph of a percometer with surface probe.
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The equations for the coefficients of the SDCC 
curve for MBV-values greater than 7.0 mg/g are as 
follows.

a MBVf 3 0 0054. (x9649 ) .
 

(32)

b x MBVfb −0 102. (x8 ) .
 

(33)

c MBVf
−0 0 461. (x0095 ) .

 
(34)

h x MBV
MBVMM

rh
MBVMM− 50 75

2. (x9833 )
. (xx845 ) .+ 254  (35)

Having constructed the SWCC curve and the 
SDCC curve for the base course material from a 
given quarry, it is now possible to determine in the 
field in sequence: the Methylene Blue Value, the 
percent fines content, the SWCC coefficients and 
curve, the SDCC coefficients and curve, and the 
dielectric constant is measured with the percom-
eter. Knowing the dielectric constant, the mat-
ric suction can be determined the SDCC curve. 
Knowing the matric suction, and the SWCC curve, 

the water content can be calculated. The process is 
illustrated in Figure 8.

Of all of the highly variable factors in the models 
of the resilient modulus and permanent deforma-
tion properties of a base course, the only missing 
property is the dry unit weight. This, too, can be 
estimated very accurately once the water content is 
known using the compaction curve model that has 
also been developed.

The model consists of three parameters (a,b,n) 
and three material properties; degree of satura-
tion, specific gravity and unit weight of water. The 
three parameters vary with aggregate sources and 
characteristics.

The mathematical formulation of the improved 
dry unit weight model is given in Equation (36):
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(36)

where a, b and n are the three parameters which 
change with aggregate source; γd = dry unit weight 
of base course material (kN/m3 or lb/ft3); γw = unit 
weight of water (kN/m3 or lb/ft3); w = water content 
(%); S = degree of saturation (%); and Gs = specific 
gravity of the solids.

The parameters a, b and n were found to depend 
upon optimum moisture content as in the follow-
ing mathematical forms. 

a wc1 0 0343. (4291 ) .
 (37)

b wc +0325 0 45072. ( ) .+ 02 ( )wcwc .  (38)

n wc −0 0 003. (4955 ) .
 (39)

A typical compaction curve generated with 
this compaction curve model is shown in Figure 9 
together with the original data from which the 
curve was derived. The values of the coefficients 
a, b and n for each base course are known from 
laboratory compaction and once the water content 
is known from the SWCC curve, the corresponding 
dry unit weight can be computed from this com-
paction model. Typical values a,b and n are 1.30, 
0.45 and 0.50.

At this point, all of the relevant inputs to the 
resilient modulus and permanent deformation 
models are known and those properties can be 
computed on the site. The fact that an onsite value 
of the dielectric constant of the base course has 
been measured and is the key to being able to gen-
erate the matric suction, water content and dry 
unit weight suggests that this can be the calibration 
location for the use of Ground Penetrating Radar 

Figure 7. Typical soil dielectric constant curve (SDCC) 
of a compacted base course sample.

Figure 8. Measurement of matric suction and water 
content of a base course using the methylene blue test 
and the percometer.
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to generate a strip map of measurements of 
dielectric constants down the length of the com-
paction project which can be immediately turned 
into a strip map of resilient moduli and permanent 
deformation properties of the in-place base course 
as compacted.

Measurements of  the Methylene Blue Value 
and the inferred percent fines content can be 
made at the quarry, at the stockpile and on the 
construction site to determine to what extent 
the percent fines content has increased because 
of  the handling of  the base course material with 
construction excavation, hauling and compac-
tion equipment. Measurements of  the Methylene 
Blue Value and the dielectric constant at random 
locations along the length of  a pavement project 
will give an indication of  the range of  fines in 
the in-place base course materials and of  the 
clayey or non-clayey character of  the minerals 
in those fines. Each such location then becomes 
a calibration site for mobile Ground Penetrating 
Radar runs to determine the dielectric constant at 
closely spaced intervals to produce a strip map of 
the base course resilient modulus and permanent 
deformation properties and their variabilities. 
Realistic predictions of  the performance of  pave-
ments requires means and variances of  these val-
ues in order to anticipate the risk and reliability 
of  the pavement performing as expected when it 
was being designed.

Performance of the base course depends not 
only upon the water content and matric suction 
at the time of construction but also upon the 
future values of the important variables as they 
are exposed to the weather and to contact with the 
existing supporting natural soils and their mois-
ture regimes. Is it possible to anticipate the rate 
at which the base course and, in fact, the surface 
course above it changes moisture with time and 
exposure? The answer is yes as is explained in the 
following section.

4 PERFORMANCE OF PAVEMENTS

The performance of  pavements is the record of  how 
it deteriorates with time and traffic, developing 
both load-related and non-load-related distress. 
Load related distress includes fatigue cracking in 
both concrete and asphalt pavements, rutting and 
stripping in asphalt pavements, joint faulting and 
spalling in concrete pavements, and base course 
erosion and pumping in both types of  pavements, 
among others. Non-load related distress includes 
roughness due to expansive soils and frost heaving 
soils, thermal cracking, transverse cracking due 
to the thermal shrinkage of  base course materials 
and longitudinal cracking due to shrinkage of 
supporting subgrade soils among others. In all of 
these types of  distress, the distress is accelerated 
by the effect of  the moisture that either enters 
or is drawn out of  the base course material. The 
influx or efflux of  water from the base course is 
an unsaturated diffusion process which is gov-
erned by the parabolic partial differential equa-
tion proposed by Mitchell (1979); Lytton, et al., 
(2004):

∂
∂

=
∂
∂

u
t

u
z

α
2

2
 

(40)

where u = the pF of the base course; α = the 
unsaturated diffusivity of the base course material 
(typical units cm2/sec).

The soil diffusion rate, α, for the base course 
from each quarry was determined based on the 
water weight loss test data. The test results have 
shown that there is a relation between percent fines 
content and diffusion rate. To determine soil dif-
fusion two pieces of soil sample are compacted 
at the optimum moisture content and placed in a 
100 percent relative humidity environment room 
at 23°C temperature and daily moisture loss was 
recorded.

The aggregate samples are compacted as two 
pieces for the diffusion test. The portion of aggre-
gates smaller than Sieve No. 4 is used to prepare 
an aggregate mixture. The mixture is compacted at 
optimum moisture content by using the standard 
compaction method in ASTM D 698. The com-
pacted sample is a cylinder with a radius of 50 mm 
and height of 38 mm. Two cylindrical soil samples 
are obtained by compaction and their shapes are 
shown in Figure 10.

Daily monitored data was evaluated to deter-
mine the diffusion rate. A mathematical function 
was derived from using Equation (41). The final 
form of the diffusion equation is given in Equa-
tion (43). 

Figure 9. Typical compaction curve as tested in the 
laboratory and as modeled.
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where D = diffusion rate of  soil in (cm2/sec); 
t = passed time between two weight measure-
ment in seconds; Wo = maximum weight lost in 
grams; W(t) = weight of  sample with time as 
water is lost in grams; and d = the thickness of 
the sample.

The diffusion value of the base course from each 
quarry was determined for selected samples during 
the three months production period. The percent 
fines content was also determined by using the 
Horiba particle size distribution analyzer device 
for the selected soil samples.

The test results illustrate the trends between 
the diffusion values and the percent fines con-
tent and these relations are formulated as power 
equations. The results have shown that the dif-
fusion relations changed with the soil methylene 
blue value. Thus the results were divided into 
two groups as the MBV is greater than 7.0 and 
smaller than 7.0. The MBV value of  7.0 is the 
critical MBV. The forms of  the diffusion equa-
tions based on the MBV levels are given in Equa-
tions (44) and (45). 

 for MBV is greater than 7.0

 D pfcff −f5 0 4 2 00. (E−63 (0 4 ) .2pfcf(4 )  (44)

 for MBV is smaller than 7.0

 D pfcff −f8 0 4 2 28. (E−88 (0 4 ) .2pfcf(4 )  (45)

A graph of the diffusivity of these base course 
materials plotted against the percent fines content 
for the fines above and below the critical Methyl-
ene Blue Value of 7.0 mg/g is shown in Figure 11.

This figure demonstrates a critical characteristic 
of base course materials: those with high amounts 
of clayey fines will retain more water and diffuse 
pore water pressure more slowly, thus allowing 
excess pore water pressure to build up in the base 
course between passes of heavy tire loads. This 
weakens the base course and promotes rutting 
in asphalt pavements and the formation of voids 
beneath joints and cracks in concrete pavements. 
It also promotes and accelerates pumping and ero-
sion of the base course with repeated load applica-
tions on both types of pavements.

In addition, no matter how wet or dry the base 
course is at the time of construction, once the base 
course is covered with the pavement surface, the 
base course quickly comes into an equilibrium 
with the suction of the subgrade beneath it. The 
speed with which it arrives at the equilibrium con-
dition is governed by the diffusivity of the base 
course and, as shown in Figure 11, that depends 
heavily upon the percent fines content and whether 
those fines have Methylene Blue Values above or 
below the critical value of 7.0 mg/g. Those base 
courses with higher than critical MBV values have 
clayey fines which retain more moisture, accumu-
late excess pore water pressure more rapidly and 
perform poorly relative to those base courses that 
have MBV values below the critical.

These observations on the expected base course 
performance were surprisingly confirmed with 
the discovery that this same judgment had been 
encoded in the AASHTO Specification T 330-07 
for the use of the older method of making methyl-
ene blue measurements using filter paper. Repro-
duced below in Figure 12 is the Methylene Blue 
Value Scale that is found in the AASHTO Specifi-
cation relating the MBV to the expected perform-
ance of the base course with MBV values ranging 
from 0.0 to 24.0. Also reproduced for comparison 
is the corresponding Grace Methylene Blue Value 
Scale ranging from 0.0 to 28.0 and supported by 
the data that is presented here.

Many more examples could be presented of how 
the performance of a pavement depends impor-
tantly upon the unsaturated properties of the 
materials in those layers. This paper illustrates only 
a few of the relations that demonstrate the depend-
ence of pavement performance on the unsaturated 
properties of the supporting layers. Chief among 
these is the matric suction which controls the resil-
ient modulus, permanent deformation and diffusiv-
ity properties of the base course and the subgrade 
on which it rests.

Figure 10. Two compacted base course samples in an 
environmental room for diffusivity measurements.
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5 SUMMARY

Mechanics-based models were developed for the 
stress-dependent resilient moduli and permanent 
deformation properties of each base course. Three 
coefficients are needed with the resilient modulus 
model: k1, k2, and k3. Regression models of these 
coefficients were developed showing the relations 
of these coefficients to the indicator tests. Water 
content and pfc are significant predictors of these 
k-values as well as measures of aggregate shape and 
angularity. The aggregate shape and angularity can 
be measured in the laboratory while determining 
the quality characteristics of each pit. However, the 
water content and pfc need to be measured quickly 
and accurately in field to assure that the modulus 
used in design and needed for performance is what 
has been compacted in the field. The tests also 
showed that the suction in the base course is a very 
significant variable that controls the magnitude of 
the resilient modulus. There is a need to measure 
this important variable quickly and accurately in 
the field, also.

Two sets of permanent deformation proper-
ties were determined from the measured data: the 
VESYS and the MEPDG properties. The VESYS 
properties require the water content and the pfc to 
predict the amount of rutting and require measures 
of gradation, shape, and angularity to predict the 
rate at which rutting develops. The MEPDG prop-
erties require the pfc, water content and measures 
of angularity and texture to predict the maximum 
amount of rutting that will occur. It requires the pfc 
and a measure of the gradation to predict the amount 
of traffic required for the rutting to develop.

Reviewing the properties that are necessary to 
measure in the field shows that the water content, 
suction, and percent fines content as determined 
by the MBV relation are necessary. A field method 
was developed to measure all of these rapidly and 
accurately. The method requires the development 
of suction-vs-water content (SWCC) and suction-
vs-dielectric constant (SDCC) curves for each 
source of base course in the laboratory prior to 
construction. The labor involved in doing this is 
less than what is required for compaction curves.

In the field, two measurements can be made 
on a sampling basis: a Grace MBV to determine 
the percent fines content and a Percometer test to 
determine the dielectric constant of the compacted 
base course. The percent fines content and MBV 
can be used to construct the suction-vs-water con-
tent (SWCC) and suction-vs-dielectric (SDCC) 
curves. The measured dielectric constant can be 
used with the suction-vs-dielectric curve to deter-
mine the suction. The suction can be used with the 
suction-vs-water content curve to determine the 
water content. The two tests, the MBV and dielec-
tric constant test can be done in about ten minutes 
in the field. Both measurements are accurate and 
repeatable as well as rapid. A laptop computer can 
do the calculations to determine the pfc, suction, 
water content and resilient modulus of the base 
course and a matter of seconds. Furthermore, 
the permanent deformation properties which also 
depend significantly on the water content and pfc 
can also be calculated and the expected rutting and 
its variance can be calculated on the spot.

The fact that the Grace Methylene Blue test is so 
rapid and repeatable and that it has proven to be so 
reliable in determining the distribution of the fines 
content of a base course suggests that it can be 
used to track the amount by which the base course 
powders as it is handled from the pit to the stock-
pile to the job site and in the compaction process.

The net result is a quick, accurate and simple 
process for determining reliable values of the in-
place as compacted base course modulus and per-
manent deformation properties. In addition, the 
measurements that are made should also contrib-
ute to the assurance of the quality of the process of 

Figure 11. Diffusivity of base course materials depend-
ent upon percent fines content and level of methylene 
blue value.

Figure 12. Methylene blue value scale from the 
AASHTO specification T 330-07 compared with the 
MBV from the Grace methylene blue test.
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taking the base course from its quarry, transfer it to 
a stockpile and then haul it to a job site and com-
pact it in place. In all of this process, from design 
to construction to quality control and assurance 
and ultimately to performance, all of it depends 
principally upon the principles and properties of 
unsaturated soil mechanics.
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Estimation of the 1-D heave of a natural expansive soil deposit with 
a light structure using the modulus of elasticity based method

S.K. Vanapalli & H.H. Adem
University of Ottawa, Ottawa, Ontario, Canada

ABSTRACT: Many studies are reported in the literature for estimating the maximum potential heave 
of expansive soils; however, limited efforts have been directed towards estimating the heave with respect 
to time. In this paper, a Modulus of Elasticity Based Method (MEBM) proposed by Adem & Vanapalli 
(2013) is used for estimation of the 1-D heave over time of a light industrial building constructed on 
an expansive soil in Regina, Saskatchewan, Canada. This case study results were originally reported by 
Yoshida et al. (1983). The MEBM approach involves integrating semi-empirical and numerical techniques 
into a unified approach to estimate heave with time in response to the net changes in soil suction within 
the active zone depth of an expansive soil deposit. The variation of modulus of elasticity with respect 
to suction required for this approach is estimated using the semi-empirical model proposed by Oh et al. 
(2009) and introduced into the soil structure constitutive equation proposed by Fredlund & Morgenstern 
(1976) to estimate the soil heave over time. The net changes in the soil suction required for this approach 
was estimated using the commercial software VADOSE/W, a product of Geo-Studio. There is a good 
comparison between the results of the MEBM and the published data of measurements and estimations 
of heave over time. The encouraging results of the study presented in this paper suggest that the MEBM 
is simple and promising approach for use in engineering practice by geotechnical engineers for estimation 
of the 1-D heave of expansive soils.

Several methods have been proposed in the liter-
ature for the determination, prediction or estima-
tion of the volume change behaviour of expansive 
soils. A comprehensive review of these methods is 
available in Vanapalli & Lu (2012). The focus of 
most of the methods has been towards estimating 
or predicting the maximum potential heave which 
occurs when the soil attains saturation condition.

Limited studies were reported in the literature 
(Ching & Fredlund 1984, Allman et al., 1998, 

1 INTRODUCTION

Lightly loaded structures constructed on unsatu-
rated expansive soils are often subjected to severe 
distress as a result of soil movement due to changes 
in their natural water content conditions. Water 
movement into an unsaturated expansive soil 
which is typically associated with natural rainfall 
infiltration or due to other activities such as garden 
watering/water pipe leaks leads to a decrease in 
suction contributing to soil heave predominantly 
in the vertical direction (i.e., 1-D heave). In many 
cases, heave is also likely when the natural expansive 
soil deposit is covered with a pavement or due to 
the construction of a structure which contributes 
to an increase in water content and decrease in 
suction. Damage costs associated with expansive 
soil movements (heave/shrink) has been estimated 
to be around several billions of dollars annually.

Table 1 summarizes the annual costs associ-
ated with the damages to structures constructed 
on/with expansive soils for various regions of the 
world. A typical year losses due to structures con-
structed on or with expansive soils is greater than 
earthquakes, floods, hurricanes and tornadoes in 
USA (Nelson & Miller, 1992).

Table 1. The annual cost of damage to structures con-
structed on/with expansive soils for regions of the world 
(Adem and Vanapalli, 2013).

Region
Cost of damage/ 
year Reference

USA $13 billion Puppala & Cerato 
(2009)

UK £ 400 million Driscoll & Crilly 
(2000)

France € 3.3 billion Johnson (1973)
Saudi Arabia $ 300 million Ruwaih (1987)
China ¥ 100 million Ng et al. (2003)
Victoria, 

Australia
$ 150 million Osman et al. (2005)
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Ng et al. 2003, Fityus et al. 2004) to measure the soil 
heave with respect to time. Such studies are useful 
to propose reliable design procedures for structures 
with or in expansive soils. However, such studies are 
expensive and cumbersome and hence cannot be 
undertaken for routine engineering practice appli-
cations. Several investigators in recent years pro-
posed prediction procedures (Sattler & Fredlund 
1991, Briaud et al. 2003, Vu & Fredlund 2004, Chao 
2007; Nelson et al. 2011, 2012a&b) for estimating 
the heave over time. The proposed methods however 
have been validated with field measurements using 
one or limited number of case studies to date.

It is well-known that the amount of expansive 
soil heave due to water migration depends on the 
stiffness of the soil, which is equivalent to the soil 
modulus of elasticity (Jones & Jefferson 2012). In 
other words, the modulus of elasticity varies with 
the change in water content and associated soil suc-
tion within the active zone depth. The information 
related to the variation of the modulus of elastic-
ity due to soil water migration is a valuable tool 
for estimating the soil movements. The modulus of 
elasticity is not only a sensitive parameter but also 
comparatively an easier parameter to measure its 
value reliably in-situ using pressuremeter tests or 
estimate from conventional cone penetration tests.

A modulus of elasticity based method (hereaf-
ter referred to as MEBM) is proposed recently by 
Adem & Vanapalli (2013) to estimate the variation 
of 1-D heave in terms of soil suction changes over 
time. In the MEBM, Fredlund & Morgenstern 
(1976) constitutive equation for soil structure (that 
includes the modulus of elasticity) is integrated along 
with the soil-atmosphere model VADOSE/W (Geo-
Slope, 2007) (hereafter referred to as software).

An example problem of volume change of expan-
sive soil investigated by Vu & Fredlund (2006) was 
tested in Adem & Vanapalli (2013) to validate the 
MEBM. The MEBM has been found to be rela-
tively simple which can be used for estimating the 
1-D heave of expansive soils with respect to time. 
An overview of this example analysis has been suc-
cinctly presented in the present paper. However, 
the volume change behaviour of natural in-situ 
expansive soils in the active zone depth is much 
more complex due to the influence environmen-
tal factors such as precipitation, evaporation and 
transpiration. In addition, other parameters such 
as the soil history including its geology, macro and 
microstructure, cracks associated with the desic-
cation, clay mineralogy and over burden pressure 
influence the heave.

In this paper, case history of a light industrial 
building in north-central Regina, Saskatchewan is 
investigated using the MEBM. History of the site 
and details of testing and monitoring programs are 
available in Yoshida et al. (1983). Heave analyses of 

the case history using laboratory oedometer data 
and various assumptions concerning the final pore 
water pressures are presented in Vu & Fredlund 
(2004). The proposed MEBM is evaluated by com-
paring heave estimates with the field measurements 
beneath the industrial building.

2 LITERATURE REVIEW

2.1 Heave prediction methods

The expansive soils heave behaviour has a sig-
nificant influence on the design of the structures 
constructed on/with unsaturated expansive soils. 
Various attempts have been made by several inves-
tigators to propose different methods for predict-
ing the heave of expansive soils during the last 
six decades (Vanapalli & Lu, 2012). The methods 
developed to date can be classified into three main 
categories: empirical methods; oedometer meth-
ods; and suction methods. The available heave 
prediction methods in the literature are succinctly 
summarized. In addition, their shortcomings for 
use in engineering practice are briefly discussed.

2.1.1 Empirical methods
Empirical methods are encouraging to the practic-
ing engineers as they are based on physical and index 
properties of soils. In other words, they are simple 
and economical. The swelling behavior of expansive 
soils (which includes key characteristics such as the 
volume change, swell percent, and swelling pressure) 
is represented by using empirical equations relating 
to physical and index properties of expansive soils 
(liquid limit, plasticity index, initial water content, 
dry density, and clay content). A large number of 
such equations or relationships available in the lit-
erature have been originally derived from testing 
limited number of expansive soils (e.g., Seed et al., 
1962, Van der Merwe 1964, Nayak & Christensen 
1971, Vijayavergiya & Ghazzaly 1973, Brackley 
1975, Weston 1980, Dhowian et al., 1985).

Soil heave can be estimated using these meth-
ods by dividing the soil profile into layers, multi-
plying the appropriate swell percent by the layer 
thickness and then sum up the heaves of various 
layers of the expansive soil profile. The compara-
tive studies undertaken by Noble (1966) and Zein 
(1987) clearly show that the empirical heave pre-
diction equations, while seemingly adequate for 
known conditions in the regions where they were 
developed, have severe limitations when they have 
been used for other regions. These limitations can 
be attributed to not considering many parameters 
that influence the swell behaviour such as the soil 
structure, clay mineralogy, and environmental fac-
tors to list a few. In addition, the procedures for 
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collection of data from different regions may vary 
based on the local site stratigraphy and the recom-
mended procedures for regional codes. Further-
more, clay property variation over the same site or 
sites makes it a challenge to obtain representative 
soil samples and determine reliable data from labo-
ratory tests.

Recently, Vanapalli et al. (2010) proposed an 
empirical method that can be used to estimate the 
maximum potential 1-D heave of natural expansive 
soils occurring as a response to the water content 
variations. The empirical equations required for 
using the method were developed from the pub-
lished data of various regions of the world. The 
required information for these empirical equations 
can be obtained from simple laboratory tests. The 
proposed relationships eliminate the need for dif-
ficult and time consuming laboratory/in-situ tests. 
This method was tested on 7 case studies published 
in the literature. The method appears to be promis-
ing for providing reasonable estimates of the soil 
heave. However, this method can be only used to 
estimate the maximum potential heave.

2.1.2 Oedometer methods
Considerable research has been conducted to pre-
dict the soil heave based on the results of oedom-
eter tests (e.g., Jennings & Knight 1957, Salas & 
Serratosa 1957, Lambe & Whitman 1959, Clisby 
1963, Aitchison & Woodburn 1969, Sullivan & 
McClelland 1969, Aitchison et al., 1973). The 
oedometer based methods require representative 
undisturbed samples collected from active zone 
depth typically in a dry season. The samples are 
then placed in oedometers and allowed to swell to 
saturation under a vertical applied pressure equiv-
alent to their in-situ overburden pressures. The 
swelling pressure and heave index obtained from 
the results of oedometer test are used to estimate 
the soil heave of each layer. Total heave is then esti-
mated by summation of individual layers heaves. 
Researchers have focused on improving and pre-
dicting heave using different types of odeometer 
test results suggesting various corrections includ-
ing taking account of the compressibility of the 
apparatus (e.g., Fredlund et al., 1980, Fredlund 
1983, Nelson & Miller 1992, Fredlund & Rahardjo 
1993, Feng et al., 1998, Nelson et al., 1998, Bonner 
1998, Nelson et al., 2003 & 2006).

Two different oedometer test procedures have 
been used commonly for estimating the soil heave, 
namely (i) consolidation-swell test, and (ii) control-
led strain (i.e., constant volume swell, CVS) test. 
Figures 1 and 2 show idealized plots of consolida-
tion swell test data and constant volume test data, 
respectively. A detailed description of these test 
methods are available in Nelson & Miller (1992) 
and ASTM Test Method D4546.

The oedometer test results are widely used in 
practice for estimating the expansive soil heave; 
however, environmental factors such as drain-
age conditions similar to in-situ conditions and 
effects of lateral pressures cannot be simulated 
well in the oedometer tests. Another disadvantage 
of oedometer methods is that the extremely long 
time periods required for achieving equilibration 
conditions which makes these methods both costly 
and tedious to use (Holland & Cameron, 1981). In 
addition, different oedometer methods provide sig-
nificantly different swell pressure values; for exam-
ple, Fredlund and Rahardjo (1993) report that the 
swelling pressure taking account compressibility 
corrections of the apparatus can be twice as much 
as the uncorrected swelling pressure.

The oedometer methods use simplified assump-
tions to evaluate the matric suction variations by 
assuming that the soil will change from current 
unsaturated conditions to saturation condition 
(Fredlund & Rahardjo, 1993). Research studies 
show that the predicted soil heave by using an 
assumption of saturation condition as a limit-
ing condition is much higher than the measured 
values. Simple yet reliable methods are necessary 
to estimate the suction or water content fluctua-
tions through the soil profile to estimate the in-situ 
expansive soil heave (Zhang & Briaud 2010).

2.1.3 Suction methods
Several investigators have proposed soil suc-
tion methods in the literature for predicting the 
amount of  volume change of  expansive soils (e.g., 
Johnson 1977, Johnson & Snethen 1978, Fredlund 
1983, Snethen, 1980, McKeen 1981 &1992, Lytton 
1994 &1997). These methods involve the meas-
urement of  soil suction and associated volume 
change over the moisture content range between 
shrinkage limit and plastic limit (Hamberg 1985, 

Figure 1. Typical consolidation-swell test results (modi-
fied after Hamberg, 1985).
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Johnson & Snethen 1978, Mitchell & Avalle 1984). 
Figure 3 shows an idealized relationship between 
void ratio and log suction for a representative soil 
sample. The soil suction parameter, which repre-
sents the slope of  a void ratio versus soil suction 
plot, has been determined differently for each 
method (e.g., soil suction index (Johnson 1977, 
Snethen 1980), suction index ratio (Hamberg & 
Nelson 1984, Hamberg 1985), instability index 
(Aitchison 1973, Mitchell & Avalle 1984), or suc-
tion compression index (McKeen & Nielsen 1978, 
McKeen 1980 & 1981, Wray 1997). The different 
names for the soil suction parameter arise from 
the concept that unit volume change (i.e., void 
ratio changes) is related linearly to either soil suc-
tion change or moisture content change within 
the range of  field conditions. The initial soil suc-
tion profile, the assumed final soil suction profile 
and the suction parameter are the commonly used 
parameters in soil suction methods. The initial suc-
tion can be measured by thermocouple psychrom-
eter, thermal conductivity sensors, filter paper, or 
other suitable methods. However, assumptions 
can also be used for the final soil suction profile 
(Fredlund et al. 1980, Fredlund 1983, and Snethen 
1980). Three different scenarios suggested by Fred-
lund et al. (1980) can be used for estimating the 
final matric suction: (i) assuming the groundwater 
table at the soil surface; (ii) the pore water pressure 
approaches zero throughout its depth; and (iii) the 
pore-water pressure will remain slightly negative 
under long-term equilibrium conditions. These 
assumptions are simple and reasonable; however, 
they do not provide details of  how unsaturated 
expansive soils volume changes with respect to 
time.

Suction methods are considered to be reli-
able and capable of simulating field conditions. 

However, several possible limitations summa-
rized below are likely when they are extended in 
practice:

 (i) suction parameter is not a constant value but 
is a function of stress state (i.e., loading con-
dition including the overburden pressure);

 (ii) the relationship of the soil suction on log scale 
versus volume change is linear only over a cer-
tain range of suction; this range is not known 
or well defined in most cases.

 (iii) matric suction values have to be measured or 
estimated for each site. However, it is a chal-
lenge to reliably measure field matric suction 
values especially in expansive soils; and

 (iv) A fixed depth of active zone (the depth of suc-
tion variations) cannot be assumed as it varies 
with site and depends on the environmental 
changes such as the extent of wetting, the 
duration of wetting, and the pattern of mois-
ture migration. (Snethen & Huang, 1992).

2.2 Rate of heave

The amount of  soil heave that occurs in the field 
is function of  time. As water migrates through 
the soil profile due to environmental or other 
factors, expansive soil heave increases with time. 
Nevertheless, most of  existing heave prediction 
methods estimates the maximum potential heave 
by assuming the saturation conditions through-
out the active zone of  the expansive soil profile. 
The results of  heave estimation considering satu-
rated soil profile conditions are not always practi-
cal or economical in engineering practice. In an 
attempt to develop both reliable and economical 
procedures of  analysis, few methods were pro-
posed during the last decade for computing heave 

Figure 2. Typical constant volume test results (modi-
fied after Nelson & Miller, 1992).

Figure 3. Idealized void ratio versus logarithm of suc-
tion relationship for a representative sample (modified 
after Hamberg, 1985).
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considering partial wetting conditions (heave 
variations over time).

2.2.1 Briaud et al. (2003) method
Briaud et al. (2003) developed a shrink test-water 
content method for estimating the vertical move-
ment of the ground surface due to variations in 
water content over time. Figure 4 shows the typi-
cal relationship of the water content versus the 
volumetric strain obtained from a shrink test. The 
shrink–swell modulus (i.e., the slope of the water 
content versus the volumetric strain line), and the 
shrinkage ratio (i.e., the ratio of the vertical strain 
to the volumetric strain) are the key parameters 
that are calculated from a shrink test. This method 
is based on the information of water content which 
is more reliable and simpler to measure using vari-
ous methods in comparison to the soil suction. 
However, it is uncoupled analysis of unsaturated 
soils where only the influence of moisture variation 
on the volume change of expansive soils is consid-
ered. In addition, when the soil is highly fractured, 
a shrink test is difficult to perform.

2.2.2 Vu & Fredlund (2004) method
Vu & Fredlund (2004) proposed a method for the 
prediction of one-, two-, or three-dimensional heave 
of expansive soils over time using the general theory 
of unsaturated soils. It is suggested that changes in 
matric suction (or pore-water pressure) in the soil mass 
can be estimated through a saturated–unsaturated 
seepage analysis. The results of the seepage analysis 
are then used as input for the prediction of displace-
ments due to loading and changes in matric suction 
in a stress–deformation analysis. The governing 
equation for the seepage analysis can be obtained by 
substituting the time derivative of water phase con-
stitutive equation (Fredlund & Rahardjo, 1993) and 
Darcy’s law into the water phase continuity equation 
(Freeze & Cherry, 1979). However, for the stress-
deformation analysis, the governing equation can 
be obtained by substituting the strain-displacement 
relationship and the soil structure constitutive rela-
tionship (Fredlund & Rahardjo, 1993) into the soil 
structure equilibrium equation. The governing equa-
tions for both seepage analysis and stress-deforma-
tion analysis can be numerically solved using finite 
element computer programs. Some numerical mod-
elling problems associated with the solutions of the 
partial differential equations have been encountered 
in this method: i) unstable and unreasonable numeri-
cal solution (i.e., extremely low elastic moduli associ-
ated with unreasonably large soil movements) at low 
stresses and (or) low suction, and (ii) the difficulty 
to obtain the solution of coupled equations with 
several nonlinear unsaturated soil property func-
tions. In this method, conventional oedometer tests 

are used to determine the elasticity parameter func-
tions required for a stress–deformation analysis. One 
disadvantage associated with the oedometer tests is 
the difficulty in measuring a unique swelling pres-
sure, since it is sensitive to the testing procedure. In 
addition, this single value may not be representative 
value over the entire depth of the active zone and for 
the area considered for expansive soils heave.

2.2.3 Nelson et al. method
Recently, Nelson et al. (2011, 2012a & b) developed 
a finite element method of analysis to compute 
pier movement in expansive soils having vari-
able soil profiles, complex wetting profiles, large 
length-to-diameter ratios, and complex pier con-
figurations and materials. In Nelson et al. method, 
the depth of wetting and corresponding degree of 
saturation is calculated using commercial software 
VADOSE/W. The free-field heave (i.e., the heave 
that will occur at the surface of a soil profile if  
no stress is applied) is the fundamental param-
eter required in this method for estimating the 
pier movement. Methods for calculating free-field 
heave have been developed that use either oedom-
eter tests or soil suction tests. Using the results of 
these analyses, the amount of heave with respect 
to time that is expected to occur in the partially 
wetted zone can be calculated. The results show 
the versatility of this method with regard to vari-
able soil profiles and wetting zones. Experimental 
determination of the free-field heave using oedom-
eter tests or soil suction test is both time consum-
ing and difficult to develop. Other limitations of 
the oedometer methods were discussed in greater 
detail in earlier sections and are not repeated here.

Figure 4. The water content versus the volumetric 
strain obtained from the shrink test (modified after 
Briaud et al., 2003).
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3 MODULUS OF ELASTICITY BASED 
METHOD (MEBM) PROPOSED 
BY ADEM & VANAPALLI (2013)

The variation of expansive soil heave over time is 
estimated using the MEBM proposed by Adem 
and Vanapalli (2013) based on the following 
information: (i) the active zone depth (consider-
ing the fluctuations of soil suction); (ii) the range 
of soil suction fluctuations as a function of time 
within the active zone; and (iii) the constitutive 
equation that links the governing parameter (soil 
suction) to the heave of expansive soil.

The finite element software VADOSE/W has 
been used as a tool to estimate the matric suction 
changes in the active zone depth due to environ-
mental changes. The constitutive equation of 
Fredlund & Morgenstern (1976) for soil struc-
ture has been simplified to relate the 1-D heave 
of expansive soil with the matric suction changes 
using soil compressibility index with respect to 
the matric suction. More details of the MEBM 
are available in Adem & Vanapalli (2013). The key 
procedural steps are succinctly summarized in the 
following sections.

3.1 Simulation of the changes in soil suction 
over time

The simulation of matric suction changes over 
time can be performed using the commercial soft-
ware VADOSE/W. The software has features to 
predict suction and temperature changes in the soil 
profile in response to variations in environmental 
data (i.e., air temperature, relative humidity, solar 
radiation, wind speed and precipitation). The soft-
ware can be used as a simplified 1-D finite element 
model or a 2-D model with complex geometry. 
It accounts for the physical processes of evaporation 
and infiltration in unsaturated soils, using the 
Penman–Wilson method (Wilson 1990) and a mod-
ified form of the Darcy equation (Richard 1931, 
Milly 1982, Wilson 1990, Adu-Wusu et al., 2007). 
The initial condition (i.e., initial matric suction or 
initial water content profile), the boundary condi-
tions (i.e., climate, hydraulic and thermal bounda-
ries), and the soil properties (SWCC, coefficient of 
permeability function, thermal conductivity func-
tion, and volumetric heat capacity) are the required 
input parameters into the model.

3.2 Prediction of the 1-D heave of the expansive 
soil

The constitutive equation proposed by Fredlund & 
Morgenstern (1976) extending continuum mechan-
ics principles to rationally interpret the volume 
change behaviour of unsaturated soils using two 
stress state variables; namely, net normal stress, 

(σ  −  ua) and matric suction, (ua − uw), (where, σ = the 
total stress, ua = the pore-air pressure, and uw = the 
pore-water pressure). Fredlund et al. (1980) sug-
gested that the volume change behaviour of unsatu-
rated expansive soils can be expressed in terms of 
vertical strain estimated by extending the assump-
tion of K0-loading (one-dimensional case). Strains 
in the x- and z- directions are zero while their 
changes in total stress are equal. The strain in the 
y- direction can be calculated using Equation 1.

εyεε s
y a

s
a wds d u+ sm d1 2y a mm( )σ u−σσ y auaσ ( )a wu u−au

 
(1)

where εy = linear strain in y-direction, ms
1  = 2(1 + μ)/

(E(1 − μ)) = soil structure compressibility modu-
lus associated with a change in net normal stress 
(σy − ua), and ms

2  = (1 + μ)/(H(1 − μ)) = soil struc-
ture compressibility modulus associated with a 
change in matric suction (ua − uw).

Equation 1 can be visualized as a 3-D surface 
(Fig. 5). This surface is not unique and differs for 
loading and unloading conditions, and for increas-
ing and decreasing matric suction values (Fredlund 
et al., 1980).

Fredlund et al. (1980) computed the maximum 
potential heave by dividing soil profile for a given 
site into several layers; the maximum potential 1-D 
heave for each layer (Δhi) is computed by multiply-
ing the vertical strain of a soil layer (εy) occurring 
when the soil attains saturation condition (Eq. 1) 
by the layer thickness (hi). The total maximum 
heave for the soil profile is the summation of the 
heave of all layers within the active zone.
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For pavements and lightly loaded structures, the 
changes in the total mechanical stress are not sig-
nificant. The cumulative soil heave hence can be 
computed considering only the change in matric 
suction using the expression below.

Δh h m dih s
a w i

i

n
m dhih ⎡⎣⎡⎡ ⎤⎦⎤⎤( )

=
∑ 2

1
( )u ua wuu

 
(3)

In the MEBM, Equation (3) is used to estimate 
the 1-D heave of soil associated with change in 
matric suction for each day. The in-situ fluctua-
tion of soil suction for each day predicted using 
VADOSE/W is multiplied by the thickness of soil 
layer and the compressibility modulus associated 
with the soil suction value to estimate the heave of 
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the layer per each day. The soil-water characteris-
tic curve (hereafter referred to as SWCC) and daily 
climate data for a given site is required to estimate 
the variations of matric suction in the active zone 
depth with respect to time. The heave of each layer 
at a given time is the cumulative value of heave for 
all days prior to that period. The total heave at any 
point in the soil profile is the summation of the 
heave of all layers below it.

The compressibility modulus associated with 
change in matric suction (ms

2) is a function of the 
modulus of soil elasticity (E). The modulus of elas-
ticity however varies significantly with soil water 
content (or soil suction) (Oh et al., 2009, Nelson 
et al., 2011). A semi-empirical model introduced 
by Vanapalli & Oh (2010) to estimate the modu-
lus of elasticity with respect to suction for both 
coarse and fine-grained soils has been extended for 
expansive soils.

E EunsatE sat
a w

a
+EsaE t

⎡

⎣
⎢
⎡⎡

⎣⎣

⎤

⎦
⎥
⎤⎤

⎦⎦
1

3
α β( )u ua wu

( .PaPP 101 )
( )S
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Where Eunsat, Esat = the moduli of elasticity under 
unsaturated and saturated conditions, respec-
tively, Pa = atmospheric pressure (i.e., 101.3 kPa), 
S = degree of saturation, and α, β = the fitting 
parameters.

The value of E at saturated conditions can 
be determined using triaxial or oedometer tests 
results for saturated soil samples. The saturated 
modulus of elasticity (Esat) value required for the 
present analyses has been calculated using Equa-
tion 5 introduced by Zhang (2004) based on the 
results of oedometer tests (the relation between the 

soil void ratio and the mechanical stress at satu-
rated condition).

E
usaE t

a
=

∂ ∂
3 0( )−1 2 ( )e+1 0

( (∂ ∂e ))
μ
σ

 (5)

where e0 = the initial void ratio.

4 VALIDATION OF THE MEBM

4.1 Example problem (Vu & Fredlund 2006)

This section provides a succinct summary of the 
simulation of the example problem elaborated in 
Adem & Vanapalli (2013). The example problem 
was originally modeled by Vu & Fredlund (2006), 
considering 5 m thick deposit of Regina expan-
sive clay partially covered with a slab of lightly 
loaded structure. An infiltration of 2 × 10–8 m/s 
(i.e., 1.73 mm/day) was imposed at the ground sur-
face around the structure over a period of 175 days 
(Fig. 6). The coefficient of permeability function 
of the soil for this example was estimated using the 
software, based on the input information of satu-
rated coefficient of permeability and the SWCC 
given by Vu (2003). Figure 7 shows the SWCC and 
the permeability function used in the study analy-
sis. Soil properties for Regina expansive clay is pre-
sented in Table 2. Soil properties for the example 
problem analysis was assumed by Vu & Fredlund 
(2006) as shown in Table 3.

The simulation of matric suction was imple-
mented using the software to model over the 
period of 175 days. The example was modeled 
as 2-D problem considering transient isothermal 
analysis. The boundary conditions and the initial 
condition for the suction simulation are illustrated 
in Figure 6.

Vu & Fredlund (2006) estimated heaves at three 
points A, B and C at depths of 0 m, 1.5 m and 
3.5 m, respectively (see Figure 6). The same points 
were investigated in Adem & Vanapalli (2013) 
using the MEBM. Figure 8 shows the changes of 
matric suction values with time at A, B, and C. 
Figure 8 shows that the initial matric suction of 
400 kPa decreases with respect to time. The matric 
suction at the ground surface (at A) has a lower 
value compared to the other two locations (B & C) 
due to influence of infiltration. Figure 9 shows the 
variations of matric suction profiles at the right 
of the outer edge of the slab in response to the 
infiltration through the period of simulation. This 
figure highlights the effect of the infiltration on the 
soil suction as discussed before.

Based on the estimated changes in matric suc-
tion within the soil profile over time, the total 
1-D heave was calculated at any depth over time. 

Figure 5. Constitutive surface for soil structure (modi-
fied after Fredlund et al. 1980).
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Figure 6. Geometry, key soil properties, and boundary 
conditions for the example problem (modified after Vu & 
Fredlund 2006).

Table 2. Soil properties for Regina expansive clay 
(Shuai 1996).

Soil properties Values

Atterberg limits wl = 69.9%; wp = 31.9%; 
Ip = 38%

Unified Soil Classification 
System

CH, Inorganic clay of 
high plasticity

Specific gravity Gs = 2.80
Maximum dry density γdmax = 14.01 kN/m3

Optimum water content woptm = 28.5%
Swelling index Cs = 0.09
Corrected swelling pressure Ps = 300 kPa

Table 3. Soil properties used for the simulation of the 
example problem (Vu & Fredlund 2006).

Soil properties Values

Total unit weight γt = 17.27 kN/m3

Initial void ratio e0 = 0.955
Poisson’s ratio μ = 0.4
Saturated modulus of elasticity Esat = 1071 kPa
Saturated coefficient of 

permeability
Ksat = 0.00523 m/

day
Saturated volumetric water content θs = 0.5015
Initial matric suction (ua − uw)i = 400 kPa
Fitting parameters used in Eq. 4 β = 2, α = 0.1

Figure 7. Hydraulic characteristics of Regina expansive 
clay used for the example problem (Adem & Vanapalli 2013).

Figure 8. Matric suction changes with time.

Figure 9. Matric suction profiles for the 5 m depth over 
a period of 175 days.

Figure 10 shows a good agreement between the 
1-D heave that was estimated using the MEBM 
and those from Vu & Fredlund (2006) studies. 
The excellent agreement for the results of Vu & 
Fredlund (2006) for a slab-on-ground constructed 
on Regina expansive clay are encouraging for the 
use of the MEBM in estimating the variations of 
actual 1-D heave with time.

Figure 10. Predicted heaves using the proposed MEBM 
and Vu & Fredlund (2006) method.
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to be equivalent to the active zone depth beyond 
which there will be no tendency for swelling. It was 
assumed that water leaked from the pipe line along 
a 2 m length (Yoshida et al., 1983) (Figure 11). The 
matric suction was relatively high close to the sur-
face and decreased with depth. The values of mat-
ric suction through the soil profile dissipated with 
time and reached steady state condition which was 
equal to 20 kPa in about 150 days (Figure 14). More 
details are discussed in later sections of the paper.

For comparison purposes, the initial and the 
boundary conditions assumed by Vu & Fredlund 
(2004) were used in the present simulation. Figure 12 
presents the SWCC and the permeability function 
given by Vu & Fredlund (2004) and used in the cur-
rent analysis. The SWCC was estimated using the 
Fredlund and Xing (1994) equation and the coeffi-
cient of permeability function was described using 
the Leong and Rahardjo (1997) equation.

4.2 Case history (Yoshida et al., 1983, Vu & 
Fredlund 2004)

The case history used in this paper for validation 
of the MEBM for 1-D heave prediction is a light 
industrial building constructed on an expansive soil 
deposit in Regina, Saskatchewan. The building was 
constructed by the Division of Building Research, 
National Research Council in 1961. One year after 
construction, heaving and cracking of floor slab 
was noticed by the building owner. The owner 
also noticed unexpected loss of 35 m3 of water. 
This amount of water loss was traced to a leak, 
in a hot-water line beneath the floor slab (Yosh-
ida et al., 1983). The maximum heave observed on 
the slab was found to be 106 mm. Figure 11 shows 
the geometry and the boundary conditions for 
the case history analysis. A 2.3 m thick deposit of 
Regina expansive clay was considered for the esti-
mation of 1-D heave. This depth was considered 

Figure 11. Geometry and boundary conditions (modified after Vu & Fredlund 2004).

Figure 12. Hydraulic characteristics of unsaturated Regina expansive clay for the case history. (modified after Vu & 
Fredlund 2004).
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The soil properties for Regina expansive clay 
are summarized in Table 4. The two steps, namely 
matric suction simulation and soil heave prediction 
of the MEBM are applied on the case history for 
various elapsed times (i.e., 5, 20, 50, 100 days, and 
at the steady state condition).

4.2.1 Matric suction simulation
The simulation of matric suction over time was car-
ried out using the software. The case history was 
modeled as a 2-D problem considering transient 
isothermal analysis to solve the system of equa-
tions for the surface water and energy balances, 
subsurface heat transport, and variably saturated 
flow. The boundary conditions for the suction 
simulation following Vu & Fredlund (2004) are 
presented in Figure 11. A suction of 12 kPa was 
maintained along the bottom boundary during the 
period of simulation. This was achieved by speci-
fying a pressure head of −1.223 m (i.e., −12/9.807) 
at the bottom boundary. A suction of 888 kPa (i.e., 
−90.52 m pressure head) was maintained along the 
top boundary around the slab. The temperature in 
the soil was assumed to be constant (T = 10 °C); 
in other words, the temperature effects were omit-
ted in the model (transient isothermal analysis was 
assumed). The initial matric suction as a function 
of depth given by Vu & Fredlund (2004) is used to 
represent the initial condition.

Vu & Fredlund (2004) predicted the changes 
of matric suction with time at three locations (D, 
E, and F) at 1.3 m depth as shown in Figure 11. 
The same locations are investigated using the 
MEBM. Figure 13 shows the comparison of the 
predicted matric suction values at D, E, and F 
versus time using the MEBM with the numeri-
cal modeling results published in Vu & Fredlund 
(2004). Figure 14 presents the comparison of the 
predicted and the published pore-water pressure 
profiles under the center of the slab for various 
elapsed times (i.e., 5, 20, 50, 100 days, and at the 
steady state condition).

4.2.2 Soil heave prediction
The leakage from the water line below the floor slab 
of the building leads to an increase in pore-water 
pressure (i.e., decrease in matric suction), which 
contributes to soil heave. Once the changes in soil 
suction over time are estimated within the soil pro-
file, the total heave with respect to time can be cal-
culated at any location. The day to day changes of 
the matric suction values estimated using the soft-
ware were substituted into the reduced constitutive 
relationship (Eq. 3) to calculate the 1-D heave with 
respect to time. The semi-empirical model proposed 
by Vanapalli & Oh (2010) (Eq. 4) was solved for the 
soil properties summarized in Table 4 and based on 
the SWCC to estimate the modulus of elasticity of 

Table 4. Soil properties used for the case history analysis 
(Vu & Fredlund 2004).

Soil properties Values

Total unit weight γt = 18.88 kN/m3

Specific gravity Gs = 2.80
Initial void ratio e0 = 0.962
Poisson’s ratio μ = 0.4
Saturated modulus of elasticity Esat = 800 kPa
Saturated coefficient of permeability Ksat = 6.8e-5 m/

day
Saturated volumetric water content (s = 0.493
Fitting parameters used in Eq. 4 β = 2, α = 0.05

Figure 13. Matric suction changes with time for the 
three locations (D, E, and F).

Figure 14. Pore-water pressure profiles for various 
elapsed times under the center of the slab.

the soil in terms of the matric suction. The aver-
age modulus of elasticity of the soil under satu-
rated condition given in Table 4 (Esat = 800 kPa) 
was calculated using Equation 5. The change in 
the void ratio with respect to the net normal stress 
was obtained using the constitutive relationships 
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provided in Vu (2003). To evaluate the 1-D heave 
at the ground surface for each time interval, the 
2.3 m depth of soil (depth of suction variations) 
was divided into six equal layers of 0.3 m thick-
ness and a 0.5 m thick bottom layer. The total 
heave for a certain time was computed by adding 
the heave associated with that time for all layers 
below the considered point (Eq. 3). Figures 15 and 
16 show the comparison of predicted soil heave 
using the MEBM with both the measurements and 
the numerical modeling results published in Vu & 
Fredlund (2004) under the center of the slab and 
along the surface of the slab, respectively.

4.2.3 Analysis and discussion
The matric suction variations with respect to time 
are evaluated at the three locations (D, E, and F) 
using the software. Review of Figure 13 shows that 
the initial matric suction significantly decreases 
with time and approaches a steady state condition 
in about 150 days. A good agreement is obtained 
between the soil suction that is estimated using 
the proposed MEBM and Vu & Fredlund (2004) 
method. However, the predicted matric suction at 
E (below the leakage position) using the MEBM 
is slightly higher compared to the predicted suc-
tion values of Vu & Fredlund (2004) at the same 
point. The reason for this difference may be attrib-
uted to the effect of the boundary condition that 
is used to represent the leakage (i.e., uw = 0). Also, 
the differences may be due to the use of different 
software to simulate the matric suction variations. 
VADOSE/W was used in the analysis presented in 
this paper while FlexPDE2 (the general-purpose 
partial differential equation solver) was used in 
Vu & Fredlund (2004). Review of Figure 13 also 
shows that the matric suction at E has a lower value 
compared to the other two locations (D and F). This 
reflects the effect of the wetting which is accompa-
nied by a reduction in negative water pressures or 
suctions. Figure 14 shows the variations of the neg-
ative pore-water pressure (matric suction) profiles 
at the center of the slab in response to the wetting 
over the period of simulation. There is a reasonably 
good comparison between the soil suction vari-
ations estimated using the MEBM and the Vu & 
Fredlund (2004) method. The wetting primarily 
influences in the upper soil layers near the ground 
surface, which contributes to significant changes of 
the soil suction within the surface zone.

Based on the estimated changes in soil suction 
over time, the total 1-D heave with respect to time 
can be calculated at any depth. Figure 15 shows a 
good agreement between the 1-D heave under the 
centre of the slab estimated using the proposed 
MEBM and published in Vu & Fredlund (2004). 
The total heave increases with a decrease in mat-
ric suction, with most of the heave occurring in 

upper soil layers near the ground surface in which 
the changes of soil suctions are relatively high. The 
heaves measured by Yoshida et al. (1983) are also 
plotted on the same graph (Fig. 15). Some differ-
ences between the predicted and the measured 
heave can be observed. The heave values measured 
at depths of 0.58 and 0.85 m correspond to the pre-
dicted heave at 100 days. Figure 16 compares the 
predicted soil heaves obtained from the present 
analysis and Vu & Fredlund (2004) analysis with the 
measured total heave at the surface of the slab. The 
total heave predicted using the MEBM agrees well 
with the heave predicted by Vu & Fredlund (2004).

5 SUMMARY AND CONCLUSIONS

The Modulus of Elasticity Based Method 
(MEBM) proposed by Adem and Vanapalli (2013) 
is evaluated in this paper to predict the 1-D heave 

Figure 15. Measured and predicted soil heave profiles 
under the center of the slab.

Figure 16. Measured and predicted soil heave values 
along the surface of the slab.
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of unsaturated expansive soils. This method is 
based on the theoretical concepts of unsaturated 
soils and involves integrating the numerical mod-
eling results of the VADOSE/W model (i.e., matric 
suction distribution) and the constitutive equation 
for soil structure proposed by Fredlund & Morgen-
stern (1976). The semi-empirical model developed 
by Vanapalli & Oh (2010) is used to estimate the 
variations of the modulus of elasticity with respect 
to suction. The strength of the MEBM lies in its 
use of conventional soil properties (i.e., the modu-
lus of elasticity of soil under saturated condition, 
the Poisson’s ratio, the saturated coefficient of per-
meability and the SWCC).

The validity of the proposed MEBM has been 
accomplished using simple example and a case 
study of light loaded structures constructed on 
Regina expansive clay. Good comparisons have 
been observed between the results of the MEBM 
and the published data (measurements/estimates). 
The MEBM has also been validated using other 
case studies (see Vanapalli & Adem 2012). The 
findings of the proposed study to date suggest that 
the MEBM is based on a relatively simple proce-
dure and is useful to estimate the 1-D heave of 
expansive soils with respect to time.
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Physical modelling of the effect of partial saturation 
on the stability of geocell walls

D. Gómez
Department of Civil and Environmental Engineering, Universidad de Los Andes, Bogotá D.C., Colombia

ABSTRACT: Reduced scale centrifuge model tests are performed on geocell retaining structures with 
the aim to examine their structural capacity and failure mechanism under two different saturation condi-
tions, fully and partially saturated. A critical load condition is imposed to the walls, including incremental 
surcharge at the top backfill. The effect of partially saturated soil in a geocell retaining wall is analyzed 
in terms of the load capacity of the backfill and its deformation. The results showed an increase in load 
capacity of 27% to the geocell retaining wall provided by the unsaturated soil and a characteristic failure 
mode based in an intern failure surface in the geocell wall.

these structures when constructed over weak or 
compressive foundations, due to their flexibility 
that allow them to withstand differential settle-
ments (Bathurst & Crowe, 1994).

Subsequent studies about the subject tested a 
pair of reduced scale geocell retaining walls with 
two different materials in order to investigate their 
mechanical response at 1 g (Racana et al., 2001).

Chen & Chiu (2008) carried out a more com-
plex research where they executed 9 models test of 
geocell retaining structures with the aim to analyze 
their failure mechanism and their behavior under 
surcharge. This time more variables were included 
like the height, facing angle and type of the wall. 
According to this research, the gravity-type walls 
failed by interlayer sliding and overturning, and be-
sides the maximum lateral displacements occurred 
at the top of the walls. The reinforced-soil walls 
developed more displacement and settlement than 
the gravity types due to a lack of sturdiness in their 
structures. It is also remarked that the reinforce-
ments reduce considerably the deformation of the 
walls. Finally, it is given some recommendations 
for the design of geocell retaining walls. In their 
study, Chen & Chiu (2008) employed a similar-
ity and dimension analysis in order to be able to 
compare the behavior of the model with the proto-
type. However, only strength characteristics of the 
geocell were considered in the analysis due compli-
cated similitude requirements. Moreover, it is well 
knownthat reduced-scale physical models tested at 
1 g generate stresses in the soil much smaller than 
the corresponding stresses in the real or proto-
type structure, therefore altering the similitude of 
soil characteristics and the capacity to compare 
adequately the model and prototype (Zornberg 
et al., 1997). A recognized technique to generate 

1 INTRODUCTION

Cellular confinement systems, generally known 
as geocells, are a type of three-dimensional geo-
synthetics that consist basically in a network of 
interconnected cells. They are formed by several 
high-tensile resistance strips welded together into 
strong cells to produce a special arrangement when 
they are expanded in order to contain soil. Several 
authors have studied the mechanical behavior 
of the geocell-soil composite systems with the 
aim to understand its real operation. Bathurst & 
Karpurapu (1993) performed several large-scale 
triaxial tests on isolated geocell-soil specimens 
concluding a stiffening effect and strength increase 
in the soil due a rise in its confinement. Karpurapu 
et al. (1999) also performed triaxial tests but this 
time including multiple geocells. The results indi-
cated that the soil develops a considerable quantity 
of apparent cohesive strength due the geocell con-
finement. More current research on investigating 
the stress-strain behavior of soil reinforced with 
geocells was executed by Wesseloo et al. (2009).

Nowadays, one of the most important applica-
tions of geocells deals with earth retaining struc-
tures. In fact during the last decades, there has 
been an increasing utilization of geocells for the 
construction of retaining walls, either gravity wall 
or reinforced soil wall. The walls are built with sev-
eral geocell layers filled with compacted granular 
soil and stacked one over other forming a specific 
face slope. Furthermore, some researchers have 
studied their principal characteristics finding out-
standing results about their mechanical behavior, 
for static and dynamic solicitations. The first study 
known that introduced the utilization of geocells 
in retaining walls highlighted the advantage of 
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approximately the same stresses in the scaled model 
and the prototype structure is the physical model-
ling using geotechnical centrifuges. For this rea-
son, this study developed centrifuge tests at 20 g in 
two geocell retaining walls with the aim to evaluate 
and verify the impact of partially saturated soil in 
the mechanical behavior and failure mode of geo-
cell walls. Therefore, direct comparison between a 
saturated model and an unsaturated model is per-
formed and analyzed.

2 MODEL GEOCELL DESIGN

In order to model successfully a geocell retaining 
wall, it is needed to characterize correctly the 
proto-type geocell in mechanical terms and then 
scale its properties in the model of geocells.

2.1 Prototype geocell characterization

An essential aspect about centrifuge scaling is siz-
ing and geometr, Table 1 presents the nominal gen-
eral dimensions of the prototype geocell.

Other principal feature that needs to be scaled 
is the global strenght of the geocells with respect 
the mechanical solicitations required. There are 
four recognized resistance test for geocells per-
formance. These are the tensile strength test, the 
junction shear test, the junction peel strength and 
the junction split test (Cancelli et al., 1993; Chen & 
Chiu, 2008).

Concerning the junction strength tests, each 
one assesses a potential failure mode of the geocell 
seam. Thus, it was executed several resistance test 
in the prototype geocell for each strength required. 
For the tensile strength there were tested two dif-
ferent specimens, three times each, one of a strip 
with perforations and another without perfora-
tions (Fig. 1).

For the junction strength tests, there were exe-
cuted three trials for each failure mode (Fig. 2.).

All the tests were based in the ASTM D4595 
and ASTM D5035standards. The load velocity 
was 50 mm/min. The average results of the strength 
tests are shown in Table 2.

The junction shear strength was defined equal to the 
tensile strength (non-perforated) because in the shear 
strength tests the samples did not fail by the seam 
because at first failed the pure material in tension.

2.2 Prototype geocell scaling

First of all, the most important linear dimen-
sions were scaled by its length scale factor (1/n). 
Therefore, having n = 20 g, the height of the model 
geocell becomes 10 mm and the space between 
seams is 22.3 mm. Regarding the strenght proper-
ties, the scale factor corresponded also to 1/n since 
strength in geosynthetics is expressed in force per 
unit length. Thus, it is required a material with 20 
times less strength than the prototype material, 
regardless its modulus because the scaling was done 
only in terms of strength. Several tensile strength 
tests were carried out in four different materials: 
industrial acetate, acetate, plastic greenhouse and 
vinyl. According to the test results, the material that 
best approximated the prototype geocell behavior 
was the industrial acetate (Table 3). Respecting 
the junction strength scaling, two adhesives were 

Table 1. Prototype geocell nominal dimensions.

Prototype geocell properties Description

Cell wall height (mm) 200
Distance between seals (mm) 445 (±2.5%)
Dimensions open cell (mm) 340 × 290 (±3%)

Figure 1. Tensile strength tests in specimens: a) with 
perfora-tions b) without perforations.

Figure 2. Junction strength tests: a) Shear failure. 
b) Peel failure. c) Split failure.

Table 2. Prototype geocell global strength.

Prototype geocell strength
Average 
value

Tensile strength Perforated (kN/m) 12.78
Tensile strength Non-Perforated (kN/m) 20.08
Junction shear strength (kN/m) 20.08
Junction peel strength (kN/m)  5.48
Junction split strength (kN/m)  7.62
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tested for each junction solicitation: polyvinyl ester 
and cyanoacrylate. The adhesive more suitable for 
modelling the seam strength with its solicitations 
was the cyanoacrylate. The strenght properties of 
the selected model geocell materials are shown in 
Table 3.

Even though the perforated tensile strength and 
the junction split strength are slightly higher than 
the scaled resistance value, this is an acceptable 
approximation to model the real geocell material 
behavior.

30 model geocell networks were constructed 
having different quantity of cells in the wall load 
direction, from 7 cells to 15 cells (Fig. 3). After-
wards perforations of 1 mm diameter were perfo-
rated in the geocell models to reproduce the holes 
of the prototype geocell.

3 PROTOTYPE RETAINING WALL 
DESIGN AND SCALING

The prototype geocell retaining wall is selected as a 
slender gravity retaining wall in order to evidence 
considerable settlement and displacement of the 
wall. A preliminary design is performed using the 
classical Rankine theory of earth pressures for a 
gravity retaining wall. The height of the proto-
type wall is 6 meters and its face slope angle is 70º. 
Afterwards, all the dimensions of the prototype 
wall were reduced to yield the corresponding geom-
etry of the model geocell retaining wall. Thus, the 

height of the model retaining wall is 30 cm and its 
base is 15.95 cm (Fig. 4). The depth of the model 
wall is restricted by the strongbox, which is 19 cm 
width (Fig. 5).

The geometry of both model geocell retaining 
walls are presented in Figure 4. To highlight the 
effect of partial saturation on the load capacity of 
the walls two tests were performed: one test satu-
rated with a total inundation of the model during 
loading and the other one with the backfill under 
partially saturated conditions.

4 MODEL INSTRUMENTATION

With regard to the instrumentation in the model 
wall, a set of tensiometers with pore pressure trans-
ducers (PPTs); LVDTs; a servo actuator; a load 
cell and a digital camera were used to measure the 
loading-settlement behavior (Fig. 5). Three tensi-
ometers with their transducers are located behind 
the wall at its base to measure pore water pressure in 
the backfill (P1, P2 and P3) and another is located 
in front the wall to control water outflow (P4). 
For the unsaturated model, the water is evacuated 
in-flight through an electrovalve and stored in an 
adjacent tank. Two vertical LVDTs are located at 
the top backfill of the model geocell wall in order 

Table 3. Strength properties of model geocell.

Model geocell strength
Scaled 
value

Test 
results

Tensile strength 
(Perforated) (kN/m)

0.64 1.05

Tensile strength 
(Non-Perforated) (kN/m)

1.00 1.11

Junction shear strength (kN/m) 1.0 1.11
Junction peel strength (kN/m) 0.27 0.46
Junction split strength (kN/m) 0.38 1.41

Figure 3. Model geocell network constructed.

Figure 4. Geometry of model geocell retaining wall.

Figure 5. Cross-section and plan view of the model 
with instrumentation.
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to register the settlement induced by the surcharge 
in both models at 2 cm (C1) and 12 cm (C2) from 
the wall (Fig. 5). The surcharge is executed in-flight 
at the wall top backfill with a nominal 1-ton servo 
actuator and a lever system to increase the actua-
tor load capacity. The load applied is measured 
with a load cell located over the surcharge plate. 
Several markers are placed all over the wall and its 
backfill in lines with the purpose of identify their 
displacement vectors and record the failure mecha-
nism with a digital camera assembled in front of 
the sidewall acrylic with a special frame.

5 MODEL CONSTRUCTION

The two-dimensional model geocell walls are con-
structed inside a 56.2 cm × 19 cm × 45 cm strong-
box that included a 12 cm thick acrylic sidewall to 
observe the wall deformation. Furthermore, in the 
construction of the model there are used two kinds 
of soils: a coarse sand for the proper model geocell 
wall and a silty sand for the backfill of the wall and 
its foundation.

5.1 Backfill and foundation soil

Regarding the backfill and foundation soil, it is 
selected a intermediate soil made by a mixture of 80% 
sand with a grain diameter less than 2 mm and 20% 
kaolin clay (Fig. 7). The behavior of this mixture of 
soils is similar to a natural in-situ soil and is selected 
to simulate a more realistic approach to the issue.

Regarding the compaction of this intermediate 
soil, a Proctor standard test was performed on the 
soil, finding a maximum dry unit weight (γd max) 
equal to 19.16 kN/m3 and optimal moisture content 
(wopt) equal to 9.6%. Thus, the backfill and founda-
tion are compacted according the Proctor results by 
tamping the soil in a controlled volume. The meas-
ured soil coefficient of permeability is 1.72 × 10−7 m/s 
and the hysteretic soil-water characteristic curve for 
this material is presented in Figure 6.

5.2 Geocell wall soil

The geocell wall uses sand with a high permeability 
allowing easy drain characteristics of the wall. This 
issue is in agreement with past studies indicating 
the advantages of using granular material in the 
geocells infill (Bathrust et al., 1993, 1994; Chen & 
Chiu, 2008). Consequently, it is employed a coarse 
Guamo sand whose grain size properties are well 
known and its grain size distribution is presented 
in Figure 7. A constant head permeability test is 
performed and a coefficient of permeability of 
5.48 × 10–4 m/s is obtained for this material. In 
order to preserve the model geocell networks, it was 
decided to compact the Guamo sand by pluviation 

of the dry sand over each geocell network. Hence, 
the sand compaction is done in terms of maximum 
dry density (ρdmax) and the optimal falling height 
of pluviation is found by the maximum relative 
density (Dr) achieved in the compacted sand for 
each different height. The maximum relative den-
sity obtained was 53% at 30 cm pluviation falling 
height. This optimal falling height is employed in 
the construction of the geocell walls.

5.3 Construction procedure and model 
constructed

The construction began with the compaction of 
the foundation of the wall according with the proc-
tor results. When the foundation reached 10 cm 
height, it is assembled a wood frame in one side 
of the strong-box in order to contain the backfill 
soil while it is compacted adequately. Afterwards, 
the three tensiometers and their PPTs are located 
in the base of the wall, and then the backfill soil 
is compacted in six different layers, 5 cm thick 
each. For all layers, at its base are located mark-
ers and colored sand interface for image analysis 
and failure identification. Afterwards, the wood 

Figure 6. Backfill and foundation soil water retention 
curve.

Figure 7. Grain size distribution of the Guamo sand 
and the intermediate soil.
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frame is removed and each model geocell network 
is expanded properly. Because the model geocell 
networks were initially constructed for a different 
geometry of the wall, it was necessary to block 
some cells during pluviation in order to avoid their 
compaction and obtain the correct geometry of 
the scaled wall (Fig. 8). These remaining cells in 
the model do not affect the wall behavior and its 
strenght because they are not confining any soil 
material. All model geocell net-works are pluviated 
with the correct falling height. The complete model 
geocell wall is shown in Figure 8.

6 TEST PROCEDURE AND RESULTS

The objective of the centrifuge test is to impose 
a critical charge condition in two model geocell 
retaining walls, one totally saturated and another 
partially saturated, in order to compare their 
mechanical behaviors and failure modes.

There is a main procedure for the saturated 
model: the inundated model wall is centrifuged at 
20 g and then, with the electrovalve closed, it is sur-
charged in-flight at its top backfill in multiple load 
steps. Settlements and deformation are measured 
with LVDTs and digital video.

On the other hand there are two sequences for 
the unsaturated model:

1. the initially inundated model wall is centrifuged to 
20 g and then the water table is lowered in-flight, 
leading water flowing throughout the model.

2. after water outflow, the unsaturated geocell wall 
is surcharged at its top backfill in multiple load 
steps and the corresponding settlements are 
registered.

6.1 Saturated case

At the beginning of the test, it is executed a 5 g 
centrifuge cycle to the saturated model in order to 
verify that all the instrumentation is working prop-
erly. Afterwards, the model is centrifuged again 
until the correct test acceleration (20 g) and then 

the surcharge in load steps begins with the model 
inundated. Unexpected technical problems with 
the servo actuator leaded to only two load steps, 
an initial one of 0.49 kN and a second maximum 
load of 5.93 kN. The load-settlement (C1) diagram 
of this wall is presented in order to compare it with 
the unsaturated wall case (Fig. 11). The maximum 
settlement generated at C1 is 29.3 mm and at C2 it 
is registered a displacement of 1.3 mm. The PPTs 
performed correctly and register in average 50 kPa 
of pore water pressure during test. The image 
analysis of the geocell wall gives its failure mode 
and the failure surface. The displacement vectors 
show the direction of movement of specific points 
and their respective magnitudes (Fig. 9).

6.2 Unsaturated case

In this case, the procedure is repeated until the 
inundated model is centrifuged at 20 g. At this 
point, the electrovalve is opened in-flight and 
water outflow toward adjacent tank starts, gener-
ating a seepage force in the model soil and lowering 
water table. Besides, the hydraulic potential is also 
modified in the model, varying the pore pressure 
throughout the model soil and producing negative 
pore pressure or suction at certain points of the 
retaining structure and its backfill. The measured 
values of pore water pressure obtained by the PPTs 
reached 50 kPa again and decreased gradually until 
10 kPa as the model was drained.

Figure 8. Model geocell retaining wall constructed.

Figure 9. Displacement vectors for saturated model wall.

Figure 10. Displacement vectors for unsaturated model.
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the partially saturated model developed more shear 
strength due to a matrix suction or negative pore pres-
sure created in the soil when it was drained and the 
pore water pressure decreases throughout the model. 
Furthermore, the walls evidenced a characteristic 
failure mode in which a failure wedge at the back-
fill plastically deforms the wall and creates an intern 
failure surface on it, identified as a sliding between 
geocell networks. This mobilization of the layers is 
greater at the upper part of the wall than at its base.

8 CONCLUSIONS

Two properly reduced scale geocell retaining wall 
models are designed, constructed and tested until 
failure in a geotechnical centrifuge at 20 g. Cer-
tainly, the effect of the partially saturated soil in 
the geocell model wall is reflected in a greater sur-
charge endured by the wall in 27% more than in the 
saturated soil model wall. The suction generated in 
the unsaturated soil provided higher load capac-
ity to the model wall. It is found a failure mode in 
which an internal failure surface is developed into 
the geocell wall. Subsequent effects analysis will be 
performed in the model walls based in the shear 
strength theory of unsaturated soils.
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Figure 11. Load-Settlement (C1) results for both models.

After water outflow is completed and the soil is 
partially saturated, it is waited until LVDTs gen-
erate a constant value and then surcharge in load 
steps is started. This time the loading system per-
formed correctly and several small step loads are 
applied until a maximum load of 7.53 kN. Again, 
the load-settlement (C1) diagram for this case is 
presented (Fig. 11). Vertical LVDT (C1) measured 
a maximum settlement of 23.7 mm and C2 regis-
tered a maximum of 0.85 mm.

Respecting vector displacement due water table 
lowering, no significant movement was noticed by 
image analysis. However, regarding loading steps 
the image analysis produced the displacement vec-
tors displayed in Figure 10.

7 DISCUSSION

According to the load-settlement results from the 
two models tested (Fig. 11), it was observed that 
the unsaturated geocell model wall was the model 
that withstand more surcharge until failure, as 
expected.

As the walls backfill were initially surcharged, 
both model walls followed nearly the same load-set-
tlement path in an elastic zone where the soil back-
fill was resisting the load, until approximately 3 mm 
settlement. From this point forth, the geocell walls 
started their actual performance. In the case of the 
saturated model wall there was a small discharge at 
5.85 kN and subsequent plastic deformation. How-
ever, it continued resisting until reach a maximum 
resistance load of 5.93 kN at its top backfill with 
a settlement of 29.3 mm. Conversely, the partially 
saturated model wall continued bearing the incre-
mental surcharge until a flat plastic zone with a 
load of approximately 7.53 kN, and then failed 
with a settlement of 23.7 mm at its backfill.

Considering the fact that the unsaturated model 
wall resisted 27% more surcharge than the satu-
rated model wall, it is clear that the soil tested in 
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Calibration in the laboratory of capacitance sensors for water content 
monitoring
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ABSTRACT: The influence of water salinity and of heterogeneity of the dielectric properties of the access 
tube on the performance of capacitance sensors for soil water content monitoring is discussed. These sensors 
operate through measurement of the resonant frequency of an oscillating electrical circuit, which includes 
a representative volume of the soil as the dielectric part of the capacitor. Resonant frequency changes with 
soil water content, but water salinity and the properties of the access tube affect the electric response of the 
whole circuit, and the calibration relationships adopted to infer water content. An experimental investiga-
tion was performed in the laboratory to analyse the influence of these factors on the calibration curves 
and on the error associated to the use of literature relationships in the determination of water content. 
A calibration curve is proposed accounting for water salinity, based on the experimental data collected.

propagation velocity of a high-frequency electro-
magnetic pulse signal (Noborio 2001). Soil electrical 
conductivity and salinity problems may complicate 
the interpretation of probe readings (Mojid et al., 
2003). However, the main issue in the use of TDR 
is its installation procedure, which requires manual 
probe insertion into the soil, with direct access at 
the depth were the probe is installed.

The dielectric constant of soils can also be 
derived based on capacitance. This method includes 
the soil as part of the capacitor in which the perma-
nent dipoles of water in the dielectric medium are 
aligned by the electric field and become polarized. 
The capacitor is arranged to be part of an oscillator 
circuit, the resonant frequency of which allows infer-
ring capacitance, hence soil water content (Gardner 
et al., 1991, Robinson et al., 1998). Capacitance 
probes are fast, safe and relatively cheap. Moni-
toring depth can reach 5 meters below the ground 
level, by means of appropriate installing procedures 
(Caruso, 2007). Response time of the probes, less 
than 1 second, is one of the most attractive features 
of capacitance probes. Influence of soil salinity 
and soil temperature is also reported, but literature 
works (Kelleners et al., 2004, Schwank et al., 2006, 
Schwank & Green 2007) suggest that these effects 
can be accounted for through adequate calibration.

2 THE ENVIROSCAN CAPACITANCE 
PROBES

The EnviroSCAN® capacitance probes consist 
of two brass rings (50.5 mm outer diameter and 
25 mm height) mounted on a plastic sensor body. 

1 INTRODUCTION

Prediction of water exchanges with the atmosphere 
is one of the most important goals when dealing 
with unsaturated soil layers above the water table, 
both for hydrological and for geotechnical reasons. 
Predictive capabilities of theoretical and numeri-
cal models for hydrologic balance may increase to 
a great extent if  calibration is performed by com-
parison with measured data.

The hydraulic state of the soil is completely 
known if  independent measurements of suction 
and water content are performed. Different suc-
tion and water content probes have been developed 
to this aim, which still present some limitations 
depending on the soil to be monitored. In fine 
grained soils, direct suction measurement may not 
be feasible, due to limited air entry value; hence 
water content determination appears to be manda-
tory to follow the hydraulic state of the soil.

Most current equipment and techniques for 
monitoring soil-water status rely on indirect meth-
ods in which other properties of the soil depend-
ing on water content are measured (Scanlon et al., 
2002, Charlesworth 2005, Cui et al., 2007).

The soil dielectric constant of soils, at frequencies 
between 1 MHz and 1 GHz, is strongly dependent 
on volumetric water content (Topp et al., 1980), due 
to dielectric constant of water being much higher 
than that of the other soil constituents. This observa-
tion promoted the development of non-destructive 
techniques which infer the amount of water in the 
soil from measurements of electrical permittivity. 
With time domain reflectometry (TDR) water 
content is deduced from measurement of the 
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The probes are inserted inside a PVC access tube, 
strictly in contact with the rings and the surround-
ing soil. Up to 16 probes can be mounted on a 
plastic guide at different depths. Minimum relative 
distance between probes is 10 cm.

The resonant frequency of the inductive-capac-
itive circuit, in which the probe is inserted, Fr, is 
linked to the inductive L and capacitive C elements 
by the following relationship

FrFF ( )LC⎡
⎣

⎤
⎦
⎤⎤−

2
1

π
 

(1)

where L is the circuit inductance and C = Cs + Cp is 
the total capacitance, including the soil component, 
Cs, together with probe constants, Cp (Kelleners 
et al., 2004). L and Cp are constant for each probe, 
but they may vary from one probe to the other 
due to the construction process. Since the sensors 
output primarily varies with the air/water ratio, 
the resonant frequency is scaled to the maximum 
measurement range, and the scaled frequency is 
used for calibration purposes (Paltineanu & Starr 
1999).

The normalised scaled frequency, SF, is defined as

SF = ( )F Fa rF FF FF ( )F Fa wF FF F −1

 
(2)

where Fr is the reading in the soil, and Fa and Fw 
are the frequency readings when the access tube 
is surrounded by air and water, respectively. After 
scaling, unique relationships between the scaled 
frequency SF and the soil volumetric water con-
tent, θ, are established, which are independent 
of the characteristics of the specific probe. These 
relationships play the role of calibration curves for 
water content.

Typical relationships for the silty soils used in 
this investigation read (Paltineanu & Starr 1999)

θ = 0 49 2 1764. .SF  
(3)

or (Sentek 2001)
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Therefore, the calibration procedure for this kind 
of probes requires a two steps procedure. The first 
step is the evaluation of the resonant frequencies in 
air and in water. The second step gives the relation-
ship between the scaled frequency in the soil and 
its water content.

Paltineanu & Starr (1999) provide detailed 
description of the probes working principle, and 

they show that 99% of the sensor response is 
influenced by a cylindrical soil volume having a 
diameter of about 20 cm. They state that these 
sensors have been designed to oscillate in excess of 
100 MHz so that the effects of water salinity and 
fertilizers, typically found in agricultural soil, can 
be disregarded.

An experimental activity was developed at the 
Politecnico di Milano to further investigate the 
influence of water salinity on the probe response 
for typical silty soils of geotechnical interest.

3 DIELECTRIC PROPERTIES 
OF THE ACCESS TUBE

The effect of the local dielectric properties of the 
access tube on probes readings was investigated 
by placing a sensor in different positions along a 
prototype access tube (Fig. 1). Resonant frequen-
cies were measured on the system surrounded by 
air or by water. A first access tube was placed in 
air far enough from any possible interference. 
A second one was sealed inside a PVC container 
(38 cm × 53.5 cm × 29 cm), ensuring a minimum 
distance of 12 cm from its base. The container was 
filled with water up to another 12 cm above the tube. 
Probe readings vary only as a function of the local 
properties of the access tube provided minimum 
distance from the lateral boundaries is respected.

The results with access tube surrounded by water 
are reported in Figure 2 for 5 ≤ s ≤ 40 cm, where 
the effects of the boundaries of the container can 
be disregarded. The test was repeated three times 
with the same sensor. In the same figure results are 
reported of two runs with the same sensor in air, 
spanning the same length covered in water.

The experimental results in water and air 
show that the resonant frequency of the circuit 
depends on the position of the sensor itself  inside 
the access tube. The mean resonant frequency in 
water is 100.8 MHz, with a standard deviation of 
± 0.3 MHz. The corresponding mean resonant 
frequency in air is 149.4 MHz, with a standard 
deviation of ± 0.08 MHz. Oscillations in water 
are more marked than in air, since air has a lower 
dielectric constant than water. These effects are 
almost repeatable, as Figure 2 shows.

15
0

29
0

S0

535

PVC box

access tube

probe guide

Figure 1. Geometry of the calibration arrangement in 
water. Coordinate s describes the distance between the 
inward lateral boundary and the sensor plates.
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In terms of the maximum expected error in 
evaluating water content, the local differences in 
the dielectric properties of the access tube cause an 
uncertainty in estimating the actual water content 
of a soil, which increases with water content itself. 
The maximum error on the estimated water con-
tent is relatively small, and it keeps always below 
2.5% of the actual water content.

4 EFFECTS OF WATER SALINITY

Water in soils may contain different salts, which 
have either a natural or an anthropic origin. It 
is well known that ions from dissociated salts 
modify the electrical conductivity and the dielec-
tric constant of  water (Nörtemann et al., 1997). 
Therefore, they will influence the resonant fre-
quency of  capacitance sensors, since they weaken 
the dielectric properties of  the medium. A few 
tests were conducted to quantify this effect on 
the volumetric water content-scaled frequency 
relationship.

4.1 Conductivity of water as a function 
of molarity

The theoretical conductivity, σ, of  a water solution 
reads:

σ = ∑F M∑ u zi iM i iz
 (5)

where Mi is the molarity of ion i, zi is the valence of 
the ion, ui is its ionic mobility, and F is the Faraday 
constant (9.6487⋅104 C/mol). For NaCl in dis-
tilled water, with z = ±1, u equal to 5.19⋅10–4 cm2/
Vs for Na+ and 7.91⋅10–4 cm2/Vs for Cl−, at 20°C, 
equation (5) gives

σ = 126MNaClMM  (6)

where MNaCl is the molarity of NaCl.
To verify the conductivity of the actual solution 

used in the following experimental tests, known 
molarities of NaCl were added to distilled water, 
and the electrical conductivity was measured by 
means of a conductimeter. A linear trend was 
found

σ = 110 4. MNaClMM  (7)

with a correlation coefficient R2 = 0.99. The dif-
ference between the theoretical equation (6) and 
the experimental relationship (7) is mostly due to 
impurities in the commercial NaCl used in tests, 
besides the effects of temperature.

4.2 Resonant frequency as a function 
of conductivity

To verify the effects of water conductivity on the 
capacitance sensors reading, hence on its resonant 
frequency, the PVC container in Figure 1 was ini-
tially filled with distilled water fixing the water 
table 27 cm above the base. An increasing amount 
of NaCl was progressively added and mixed to the 
solution. The corresponding conductivities were 
measured, together with the resonant frequencies 
of a fixed probe, placed in the middle of the access 
tube. Results are reported in Figure 3. The data 
show that the resonant frequency changes with 
electrical conductivity, ranging from a value of 
roughly 101 MHz with distilled water to a value 
of 97.8 MHz with saline water having conductivity 
of σ = 25 mS/cm.

The experimental results were compared to 
model simulations. For each value of measured 

Figure 2. Experimental results in water (3 tests run) and 
in air (2 tests run). The resonant frequency of the sensor 
is plotted as a function of its position inside the access 
tube.

Figure 3. Comparison between measured and modelled 
values of the relation between the resonant frequency 
of a sensor and the electrical conductivity of a water 
solution.
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conductivity, the theoretical resonant frequency of 
the LC circuit was computed, according to Kellen-
ers et al. (2004).

The simulation results reported in Figure 3 show 
very good match with the measured values. The 
difference between simulated and measured values 
is equal to 0.2% at most, for distilled water. The 
values of σ were chosen so as to cover all the pos-
sible range for soils, up to marine ones.

5 CALIBRATION OF CAPACITANCE 
PROBES ACCOUNTING 
FOR INTERSTITIAL WATER 
CONDUCTIVITY

To evaluate the effects of water salinity on the cali-
bration relations, eight soil samples of sandy silt 
(D50 = 0.04 mm) were prepared by moist tamping. 
Three of them were tamped with distilled water, 
at increasing degrees of saturation (Sr) of roughly 
0.1, 0.5 and 0.9 (the measured water contents 
slightly varied from sample to sample because of 
non-perfect repeatability of the preparation proce-
dure). Three of them were prepared at roughly the 
same degree of saturation Sr, with water having an 
electrical conductivity of 0.5 mS/cm. Two samples 
were prepared at Sr = 0.5 and Sr = 0.9, with water 
having the electrical conductivity of marine water, 
σ = 25 mS/cm. NaCl was used to reach the desired 
conductivities. The porosity was fixed to 0.45 for 
all the samples. The samples were prepared inside 
a metacrylate cylinder, with internal diameter of 
19 cm and 20 cm height, after positioning the 
access tube at the centre of the cylinder.

At the middle of the access tube, at suitable dis-
tance from any external interference, four different 
sensors (indicated as 1, 2, 3 and 4) were placed, and 
their resonant frequencies were measured. Each 
sensor had been previously calibrated both in air 
and in water. Water resonant frequencies had been 
registered both in distilled water and in water hav-
ing the same conductivity of that used to prepare 
the samples. The scaled frequency SF could be 
calculated, with respect to the relevant frequency 
range, and compared to the measured water con-
tent, θ, of  the sample.

At the end of each test, the actual soil volumet-
ric water content was verified by oven-drying sam-
ples trimmed from the soil in the container.

5.1 Samples prepared with distilled water

The scaled frequencies computed from resonance 
frequencies measured with sensor number 1, and 
the corresponding soil volumetric water contents, 
are compared to some literature calibration rela-
tions in Figure 4.

The comparison shows that literature calibration 
relations almost succeed in correctly estimating the 
actual volumetric water content data when the soil 
water has low conductivity. The conclusion was 
also verified on the measurements performed with 
the other sensors.

5.2 Samples prepared with saline water

Results for soil samples prepared with saline water 
are reported in Figure 5, with reference to sensor 1. 
Similar results were found on the other sensors.

Data refer to measured frequencies scaled both 
in the range given by resonant frequency in air 
and resonant frequency in distilled water (F

wσFF =0), 
henceforth indicated as uncorrected SF, and in the 
range bounded by the resonant frequency regis-
tered in water with the same conductivity used in 
the preparation of the soil samples (FwFF

w_ .wσ =0 5. for 
σ = 0.5 mS/cm and FwFF

w_σ =25 for σ = 25 mS/cm), 
indicated as corrected SF.

For low conductivity (0.5 mS/cm), experimen-
tal data do not differ significantly from the data 
of the samples prepared with distilled water. As 
a consequence, at low salinity, literature relations 
succeed in predicting water content with sufficient 
accuracy, starting from the measured value for 
resonant frequency. This is verified referring both 
to corrected and uncorrected SF, whose numerical 
difference is small.

For higher conductivities (25 mS/cm) the correct 
water content is more difficult to infer from stand-
ard calibration curves, as the resonant frequency 
is strongly influenced by salinity effects. The error 
between the actual water content obtained by 
direct measurement (θ) and the one inferred from 
probe readings by means of standard calibration 
curves (θprobes) is reported in Figure 6, as a function 

Figure 4. Comparison between some literature calibra-
tion curves and measured data (probe 1) obtained for soil 
moist-tamped with distilled pore water.
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of the measured water content of the samples, of 
the salinity of the samples water, and of the actual 
scaling law adopted for SF.

In the range analysed, the difference ( )θ θprobeθθ s  
reaches 0.15, corresponding to 70% overestimation 
of the actual value of θ, if  salinity effects are disre-
garded (adopting F

wσFF =0). The error can be halved 
if  scaling is performed on the range bounded by 
the value obtained by previous calibration of the 
sensors in water with the same salinity as the one 
of the soil.

5.3 Calibration curves accounting for salinity

Firstly, each recorded resonant frequency Fr was 
scaled on the range bounded by the frequency 
measured in water with the same salinity.

Figure 5. Comparison between some literature calibra-
tion curves and measured data (probe 1) obtained for soil 
moist-tamped with water at different conductivities. Each 
probe reading has been converted adopting both distilled 
and non-distilled water resonant frequencies.

Figure 6. Error in estimating volumetric water con-
tent from probe readings as a function of actual water 
content, θ, and salinity, σ, of  the interstitial water and 
adopted bounding water resonant frequency.

Table 1. Parameters a and b for the calibration curves (8).

Parameter a b

Distilled water 0.574 3.1
Water at 0.5 mS/cm 0.614 3.0
Water at 25 mS/cm 0.643 5.1

Figure 7. Calibration curves in the plane (scaled 
frequency: water content), as a function of water 
conductivity.

Afterwards, interpolating calibration curves in 
the general form

θ = aSFSS b
 (8)

were adopted and calibrated. The results are 
reported in Figure 7, and the values of the param-
eters a and b are summarised in Table 1.

These results were exploited to propose a new 
calibration curve which may account for salinity of 
water, at least as a first tentative.

The values of the parameters a and b are 
reported in Figure 8 as a function of normalised 
water conductivity σ/σref, where σref = 11.04 mS/cm 

Figure 8. Dependence of the calibration curves param-
eters on normalised electrical conductivity.
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is the conductivity of a 0.1 M solution of NaCl in 
distilled water.

A suitable interpolation of the results in Figure 7 
allows a calibration curve accounting for water 
salinity to be proposed in the form:

θ σ
σ

σ
σ

= ⎛
⎝⎜⎝⎝

⎞
⎠⎟⎠⎠

⎡

⎣
⎢
⎡⎡

⎢⎣⎣
⎢⎢

⎤

⎦
⎥
⎤⎤

⎥⎦⎦
⎥⎥

⎛
⎝⎜⎝⎝

⎞
⎠⎟⎠⎠

⎡

⎣
⎢
⎡⎡

⎢⎣⎣
⎢⎢

⎤

⎦

0 04 0σ⎛
⎜
⎛⎛ ⎞

⎟
⎞⎞ + 55

0 9 3σ3⎛
⎜
⎛⎛ ⎞

⎟
⎞⎞ + 02

. .⎜ ⎟04 0⎜ ⎟ +
. .⎜ ⎟93 3⎜ ⎟ +

refe
SF

reσσ fe
⎥⎥
⎤⎤⎤⎤

⎥⎦⎦
⎥⎥⎥⎥

 
(9)

It is worth noting that the previous expression 
should be considered only a preliminary proposal 
at this stage, and it should be verified against larger 
amount of experimental data.

6 CONCLUSIONS

Results have been presented of an experimental 
investigation focused on the influence of access 
tube heterogeneity and of water salinity on the per-
formance of capacitance sensors for water content 
measurement.

The results presented show that a small error 
may be associated to the heterogeneity of the die-
lectric properties of the access tube. The latter in 
turn gives an error in the estimation of water con-
tent, which keeps under 2.5% of the actual value of 
water content, in the most unfavourable case.

Water salinity should be taken into account when 
calibrating the scaled frequency/water content rela-
tionship. The difference between the response of 
the sensor at varying water salinity is relatively 
small for low and high saturation scaled frequen-
cies, but it may become relevant for intermediate 
values of scaled frequencies, hence for intermedi-
ate values of soil saturation.

The error in the estimated water content may 
reach 70% of the actual value, if  the effects of salin-
ity are disregarded. Nonetheless, it was observed 
that significant errors are associated only to very 
high salinity of water, typical of marine saltwater. 
For usual groundwater conditions, the effects of 
salinity are not dominant on the sensors response, 
and they may be hardly appreciated.

A calibration relation based on the data col-
lected has been proposed. The relationship may be 
used for preliminary purposes to infer water con-
tent when the salinity of water is known, although 
it should be verified on a larger body of experi-
mental data.
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ABSTRACT: Results from a series of servo/suction-controlled true triaxial tests, conducted on 
consolidated specimens of silty sand under plane strain conditions (restrained intermediate principal 
strain), are presented. The experiments were accomplished in a true triaxial apparatus suitable for testing 
cubical, 7.62 cm (3 in) side, specimens of unsaturated soil under controlled-suction states. The apparatus 
is a mixed-boundary type of device, with the soil specimen seating on top of a high-air-entry ceramic disk 
and between five flexible membranes on the remaining sides of the cube. The cell features two independ-
ent pore-air and pore-water pressure control systems and a fully automated principal stress application-
control system. Suction states are induced in the specimens via the axis translation technique. Specimens 
are prepared by uniaxial consolidation of a slurry mixture, made of 75% silty sand and 25% kaolin, into 
a custom-made cubical acrylic mold. The induced range of matric suctions, 50–100 kPa, is shown to have 
a key influence on unsaturated soil response under suction-controlled plane strain conditions.

under plane strain conditions, i.e. restrained inter-
mediate principal strain, are presented. The experi-
ments were accomplished in a true triaxial cell 
that is suitable for testing cubical, 7.62 cm (3 in) 
per side, specimens of unsaturated soil under con-
trolled-suction states. The apparatus is a mixed-
boundary type of device, with the soil specimen 
seating on top of a high-air-entry (5-bar) ceramic 
disk and between five flexible membranes on the 
remaining sides of the cube. The cell features two 
independent pore-air and pore-water pressure con-
trol systems and a fully automated principal stress 
application-control system. Target matric suctions 
are induced in the soil specimens by means of axis-
translation technique (Hilf, 1956). All specimens 
were identically prepared by uniaxial consolidation 
of a slurry mixture, 75% silty sand and 25% kaolin, 
into a custom-made cubical acrylic mold.

2 TRUE TRIAXIAL CELL: 
BASIC FEATURES

The true triaxial cell used in this investigation 
can be classified as a mixed-boundary type of 
cell (Arthur, 1988), with features similar to those 

1 INTRODUCTION

The stress-strain-strength response of soils in many 
geotechnical systems, such as earth dams, slopes 
and highway embankments, may be best modeled 
using plane strain analyses. The assumption of 
plane strain condition is justified by virtually neg-
ligible deformations experienced by the soil along 
one of three principal axes of reference. Plane strain 
devices have been introduced to investigate the 
response of soils under these conditions and vary-
ing saturation states: Wood (1958), Vardoulakis & 
Goldscheider (1981), Vardoulakis & Graf (1985), 
Dresher et al. (1990), Alshibli et al. (2004), 
Schanz & Alabdullah (2007), Fauziah & Nikraz 
(2008), Cruz et al. (2011, 2012). Few attempts, 
however, have been made to study the engineer-
ing response of soils under plane strain conditions 
using more reliable and sophisticated true triaxial 
devices, including Desrues et al. (1985), testing dry 
dense sands; and Matsuoka et al. (2002), testing 
compacted silty soils under constant negative pore 
water pressure of –59 kPa.

In the present work, results from a short series 
of servo/suction-controlled true triaxial tests, con-
ducted on consolidated specimens of silty sand 
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used by Reedy et al. (1992), and by Hoyos and 
Macari (2001). A detailed description of its main 
components is given by Pérez-Ruiz (2009), and 
Hoyos et al. (2012). Figure 1 shows a panoramic 
view of the entire servo/suction-controlled true 
triaxial setup, including its core cell, PCP-5000-
UNSAT and PVC-100-UNSAT pressure panels, 
and DA/PCS.

The core frame features six pressure cavities 
to accommodate one top and four lateral mem-
branes, a cubical base piece at the bottom assembly 
to house a 5-bar ceramic, and four symmetrically 
spaced coarse porous stones, as shown in Figure 2. 
A grooved water compartment underneath the 
ceramic disk allows for application of pore-water 
pressure uw and flushing of diffused air during test-
ing. Small cavities were machined on each corner 
of the cubical base piece to accommodate four 
porous stones, allowing for application of constant 
pore-air pressure ua during testing.

Cubical membranes are prepared using a Silas-
tic J-RTV type of silicon rubber (Dow Corning), 
which renders membranes with high tear strength 
and relatively low stiffness. Each membrane forms 
a pressure seal between the wall assembly and the 
reaction frame, acting as the actual fluid barrier for 
the water pressurizing the top and lateral faces of 
the cubical specimen: Figure 2. Each wall assembly 
consists of a cover plate, pressure inlet/outlets, and 
optional housings for up to three LVDTs. (The cell, 

however, does not require the use of LVDTs, in 
direct contact with the membranes, for monitoring 
of soil deformation.)

The PCP-5000-UNSAT panel is used to con-
trol the major, intermediate, and minor princi-
pal stresses along the vertical (X1) and horizontal 
(X2 and X3) directions, respectively. The panel fea-
tures a full set of independent servo valves to 
control the displacement of an equal number of 
hydraulic pistons, therefore controlling the external 
pressure being applied to the soil in any principal 
direction. Any principal stress combination path 
in the first octant can be achieved by simultane-
ous and independent control over these three servo 
valves. The output line from each servo valve splits 
into two lines to supply the same pressure to the 
positive and negative faces of the cube.

In the present work, axis-translation technique 
is implemented via the s = ua testing approach 
(uw = 0). Air pressure is supplied to the bottom 
assembly from a spare air-pressure outlet in the 
PCP-5000-UNSAT panel: Figure 1. The output line 
splits into two separate T fittings, hence simultane-
ously supplying same pore-air pressure through all 
four stones into the soil. During suction-controlled 
testing, the PCP-5000 unit automatically adjusts 
the supply of air to ensure constant pore-air pres-
sure ua throughout the test.

A flush-in line, made of flexible nylon tubing, is 
directly connected to a spare water-pressure outlet 
in the PVC-100-UNSAT panel, which is seen right 
behind the assembled cell in Figure 1. A flush-out 
line releases the entrapped air from underneath 
the 5-bar ceramic disk to the atmosphere. Prior 
to testing, the flushing lines and the water com-
partment underneath the ceramic are thoroughly 
saturated by generating a constant flow of water 
from the PVC-100 unit. Finally, the external pres-
sure applied in all three principal directions, and 
the resulting soil deformations, are recorded and/
or processed in real time by a fully automated 
DA/PCS.

3 TEST SOIL AND SPECIMEN 
PREPARATION

The test soil used in this investigation is an artifi-
cially mixed soil made of 75% silty sand (SM) and 
25% kaolin (CH). Both soils were sampled from 
a locality near to the city of Bogotá, Colombia, 
then shipped overseas to the University of Texas 
at Arlington. The silty sand yields specific grav-
ity, Gs = 2.63; the kaolin clay yields specific grav-
ity, Gs = 2.58. Atterberg limits tests on kaolin clay 
yielded liquid limit, LL = 57.1%, and plastic limit, 
PL = 45.8%. The soil-water characteristic curve is 
given by Cruz et al. (2012).

Figure 1. Panoramic view of complete servo/suction-
controlled true triaxial testing system.

Figure 2. Top view of partly assembled cell, including 
5-bar ceramic; and typical lateral wall assembly, includ-
ing membrane.
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The specimen is prepared by uniaxial 
consolidation of a slurry mixture (75% silty 
sand and 25% kaolin) into a custom-made cubi-
cal acrylic mold of 80 mm × 80 mm × 200 mm 
dimensions: Figure 3. The dry soils (1 kg each) are 
thoroughly mixed with deionized water to a target 
moisture about twice the liquid limit of the slurry 
mixture (LL = 25.3%). The slurry is then mixed for 
15–20 min with an electrical mixer and carefully 
poured into the cubical mold.

An incremental vertical load is applied to the 
slurry mixture through a squared acrylic plate 
featuring an affixed coarse porous stone at its bot-
tom surface. The loads are applied via a pneumatic 
actuator. During uniaxial consolidation, the verti-
cal deformations are measured with a dial gauge 
while the expelled water, from within the slurry, is 
collected in a graduated cylinder: Figure 3. The ini-
tial height of the slurry mixture is about 140 mm, 
and it is consolidated to final target dimensions of 
80 × 80 × 100 mm. Load increments of 12.5, 25, 
50, 100, 200, and 400 kPa are typically applied, 
with each load increment acting on the slurry until 
no further vertical deformation or expelled water 
is observed (normally after 90% of primary con-
solidation, t90). The consolidation yields an average 
water content of 25.5% and average saturated unit 
weight of 19.8 kN/m3.

The compacted 80 × 80 × 100 mm sample is then 
gently removed from the consolidation mold, from 
which one solid specimen is trimmed for true tri-
axial testing: Figure 4. The specimen is trimmed 
to final dimensions, d10 = 76 mm, d20 = 76 mm 
and d30 = 76 mm, as shown in Fig. 5, with a final 

average mass of about 890.3 g. Finally, the speci-
men is gently slid in through one of the lateral cavi-
ties of the core frame, after which the remaining 
wall assemblies are set into place and the DA/PCS 
system readied for testing.

4 SOIL RESPONSE UNDER PLANE 
STRAIN

In this work, three identically prepared specimens of 
compacted SM soil were tested at constant-suction 
plane strain conditions in the true triaxial appara-
tus. The soil is first hydrostatically compressed to 
a target mean stress, p = (1/3)(σ1 + σ2 + σ3). The 
pore-air pressure ua is then gradually increased 
(soil drying) to the pre-established values of suc-
tion and net mean stress in all three principal direc-
tions. Pore-air pressure ua is maintained constant 
until no further change in expelled water (less than 
0.035 ml/day) or specific volume (less than 0.01/
day) was observed, at which point the pore-fluid 
equalization stage is considered complete. The 
suitable pore-fluid equalization time ranged from 
144–244 hrs (6–11 days) for matric suction values 
ranging from 50–100 kPa.

The soil is finally sheared by following a mixed-
controlled testing scheme until it is readily appar-
ent that the soil has reached peak strength. During 
shearing, a constant strain rate of 0.004 mm/min 

Figure 3. Uniaxial consolidation of cubical specimen 
via an 80 × 80 × 200 mm acrylic custom-made mold.

Figure 4. Trimming of cubical specimen after 
consolidation.

Figure 5. Trimmed specimen and reference coordinate 
system.
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is programmed in the major principal direction 
X1—strain controlled; a constant strain rate of 
0.000 mm/min is programmed in the intermedi-
ate principal direction X2—strain controlled; and, 
finally, the net principal stress is kept constant in the 
minor principal direction X3—stress controlled.

A typical principal-strain response of com-
pacted SM soil during suction-controlled plane 
strain shearing is shown in Figure 6. The results 
are presented in terms of deviatoric stress vs. 
major, intermediate and minor principal strains 
for a specimen tested under initial net mean stress, 
p = (σc – ua) = 100 kPa, and constant matric suction, 
s = 50 kPa. (σc = isotropic confining pressure). It 
can be readily noticed that the true triaxial system 
reproduces plane strain condition with reasonable 
efficiency, as evidenced by all of the following: 1) 
Significant increase in major principal strain (com-
pressive); 2) Virtually negligible intermediate prin-
cipal strain; 3) Decrease in minor principal strain 
(extensive); and 4) Virtually no change in deviatoric 
stress in the minor principal direction X3 (constant 
σ3). A coefficient of earth pressure for plane strain 
condition KPS can be assessed as the ratio of the 
intermediate net principal stress, (σ2c – ua), to the 
major net principal stress, (σ1c – ua); i.e. KPS = 
(σ2c – ua)/(σ1c – ua), as shown in section 5.

Figure 7 shows the stress-strain response, during 
suction-controlled plane strain shearing, of two 
identically prepared specimens of SM soil. Both 
specimens were sheared at initial net confinements, 
p = 50 kPa (Test 1) and 100 kPa (Test 2), respec-
tively; and same suction, s = 50 kPa. Apparent peak 
stress values of 328 kPa and 535 kPa, correspond-
ing to final axial strain values of 0.092 mm/mm 
(9.2%) and 0.106 mm/mm (10.6%), were attained, 
respectively; with the larger stress observed under 

greater initial net confinement. In this preliminary 
investigation, all tests were programmed to be 
stopped when an axial strain of about 9–10% had 
been reached; therefore, a thorough assessment of 
a definitive peak stress value was not necessarily 
feasible in all cases, as illustrated by the stress-
strain curves in Figure 7.

5 COEFFICIENT OF EARTH 
PRESSURE—KPS

As previously mentioned, a coefficient of earth 
pressure for the plane strain condition can be 
readily assessed as: KPS = (σ2c – ua)/(σ1c – ua). 
Figure 8 shows an schematic of the typical suc-
tion-controlled stress path induced on compacted 
specimens of SM soil in net principal stress space 
(σ1 – ua):(σ2 – ua):(σ3 – ua). The specimen is first iso-
tropically consolidated to an initial stress state, rep-
resented by point A: net mean stress, p = (σc – ua); 
constant matric suction, s = ua. The specimen 
is then sheared by following a mixed-controlled 
testing scheme until it is readily apparent that it 
has reached peak strength at point B. The soil is 
sheared with constant strain rate of 0.004 mm/min 
in the major principal direction X1, constant strain 
rate of 0.000 mm/min in the intermediate principal 
direction X2, and constant intermediate net prin-
cipal stress, (σ3c – ua), in the minor principal direc-
tion X3—stress controlled.

The line OB in Figure 8, with slope 1/KPS, rep-
resents the locus of critical state condition from a 
series of plane strain tests conducted on several 
identically prepared samples, each tested under a 
different initial stress state (point A). Line OB is 

Figure 6. Strain response of SM soil: p = 100 kPa, 
s = 50 kPa.

Figure 7. Stress-strain response of SM soil: suction-
controlled plane strain shearing.
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expected to be asymptotic with respect to the stress 
paths AB at the end of shearing. Wood (1958) 
observed that the behavior of the intermediate 
stress under plane strain condition can be approxi-
mately as σ′2 ≈ Koσ′1 at the point of failure, where 
Ko = coefficient of earth pressure at rest under zero 
lateral strain.

Figure 9 shows the stress paths induced on three 
identically prepared specimens of SM soil in the 
net principal stress plane (σ1 – ua):(σ2 – ua). The 
first specimen was brought to an initial stress 
state A(50, 50) under constant matric suction, 
s = 50 kPa, prior to shearing. The second speci-
men was brought to an initial stress state A(100, 
100) under constant matric suction, s = 50 kPa. 
The third specimen was brought to an initial stress 
state A(100, 100) under constant matric suction, 
s = 75 kPa. In all cases, the initial intermediate net 
principal stress value, (σ3c – ua), was kept constant 
during plane strain shearing. Figure 9 appears to 
confirm the asymptotic nature of the critical state 
line, with respect to all three stress paths, at the end 
of shearing. The CSL yields a mean value of the 
coefficient of earth pressure for plane strain condi-
tion, KPS = 0.395.

Figure 10 shows a series of actual photographs 
of the specimens failed under plane strain shear-
ing. Lower deformation is observed in the speci-
men tested under higher matric suction, s = 75 kPa. 
Since the deformation in all specimens was limited 
to 9–10%, no apparent shear band formation is 
observed. Stress concentrations at the corners of 
either specimen also appeared to be minimal.

6 CONCLUDING REMARKS

The true triaxial system used in this work repro-
duces plane strain condition with reasonable accu-
racy and efficiency. Test results from a short series 
of suction-controlled plane strain tests appear to 
corroborate the asymptotic nature of critical state 
line CSL, with respect to plane strain stress paths, 
at the end of shearing; yielding a mean value of the 
coefficient of earth pressure for plane strain con-
dition, KPS = 0.395, for compacted SM soil. Less 
deformation was observed in the specimen tested 
under higher matric suctions. Deformation in the 
specimens was limited to 9–10%, hence no appar-
ent shear band formation was noticed. A thorough 
experimental program is currently being under-
taken by the same authors in order to compare 
results from suction-controlled plane strain tests 
using both true triaxial and biaxial systems.

Figure 8. Suction-controlled stress paths in net princi-
pal stress space (σ1 – ua):(σ2 – ua):(σ3 – ua).

Figure 9. Suction-controlled stress paths in net princi-
pal stress plane (σ1 – ua):(σ2 – ua).

Figure 10. Photographs of failed specimens under plane 
strain conditions: (a)–(b) p = 50 kPa, s = 50 kPa; (c)–(d) 
p = 100 kPa, s = 50 kPa; (e)–(f) p = 100 kPa, s = 75 kPa.
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Measuring water retention properties of a series of bentonite 
clays in a wide range of suctions

D. Marcial
Universidad Central de Venezuela, Caracas, Distrito Capital, Venezuela

ABSTRACT: High plasticity clays have sensitivity to a wide range of suctions, varying from very low 
to very high suction values, thus various methods must be combined to obtain the water retention curve 
WRC in the whole range of suctions. In this work, the osmotic method and the vapour phase method were 
combined to obtain the WRC of a series of bentonite clays to be used as engineered barriers. Different 
details of the experimental set up, to improve the vapour phase method are presented. To enlarge the use 
of vapour phase method to medium low suction, a relative humidity generator was employed. Concerning 
the osmotic method, difficulties were observed when the suction values exceed about 2 MPa. Results 
obtained in a range of suction from a few kPa up to 113 MPa are presented, and a good agreement 
between osmotic method and vapour method is observed.

work only concerns the vapour phase method and 
the osmotic method. The vapour phase method has 
been currently used to control total suction from 
medium to very high values. The classical experi-
mental setup, consisting in a close system to reach 
equilibrium with saturated o diluted chemical solu-
tions in a simple desiccator, is quite slow. However, 
some improvements are shown further to be use-
ful to obtain significant reductions on equilibrium 
times. A few tests with different bentonite clays 
are presented in this work to illustrate this aspect. 
Concerning the lower range of suctions, a recent 
work from Delage & Cui (2008) shows important 
advantages of the osmotic method, including an 
extension of the method beyond the classical range 
of 1500 kPa. They also deal with some disadvan-
tages of the osmotic method, related to the resist-
ance of the semi-permeable membrane such as the 
resistance to shear stresses. A series of tests, pre-
sented in this work, shows that difficulties beyond 
the classical range of 1500 kPa may be observed. 
This basically concerns an increasing pollution of 
soil specimens, with the osmotic solution, as suc-
tion increase beyond the classical range.

2 MATERIALS AND METHODS

2.1 Experimental set-ups

The principles of the osmotic method to control 
soil suction in geotechnical testing have been widely 
explained since the early 1970s, and a deep review 
is resented by Delage & Cui (2008). Thus, no deep 
descriptions of the method are presented here. 

1 INTRODUCTION

1.1 The problem

Engineered barriers for nuclear waste disposal at 
great depth are conceived to be built with heavily 
compacted unsaturated bentonite blocks. After 
Pusch (1982), these blocks are characterized by a 
very complex behaviour due to the swelling prop-
erties and double porosity microstructure of ben-
tonite based materials. Because of the concept 
of these repository structures, large voids can be 
initially present between compacted blocks and 
the underground galleries, as indicated by Marcial 
et al. (2006). Thus, as bentonite blocks hydrate 
with available underground water, free swelling of 
clay aggregates to these large voids may occur to 
be temporary filled-up with a bentonite gel. As the 
hydration of bentonite blocks goes on, new formed 
gel will gradually consolidate and, at the long term, 
the bentonite barriers will turn to a saturated state 
with a more stable microstructure. This scenario 
leads us to study the water retention properties of 
bentonite clays from a slurry state in a wide range 
of suctions.

1.2 Some recent improvements on water 
retention experimental methods

Since high plasticity clays have sensitivity to a wide 
range of suctions, varying from very low to very 
high suction values, there is not a unique method to 
obtain the water retention curve WRC of these soils. 
Often at least two methods are combined to cover 
from a few kPa to several MPa suction values. This 
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The osmotic device for the determination of the 
water retention curve is a very simple one. The soil 
sample is introduced in semi-permeable membrane 
tubing, and then plunged in a container with a pol-
yethylene glycol (PEG) solution and placed on a 
magnetic stirrer. After equilibrium time is reached, 
the soil sample is withdrawn to measure its water 
content. The corresponding osmotic suction value 
depends on the final concentration of the PEG 
solution. To avoid water evaporation in the solu-
tion, the container is covered with a plastic film. 
In this work, PEG 6000solutions were used with 
3500 molecular weight cut off  semi-permeable 
membranes. The classical experimental set up was 
simply improved by placing the solution container 
in a thermostatic bath (see Figure 1). As will be 
seen further, the use of a fine temperature control 
system is desirable.

Concerning the vapour phase method, as indi-
cated above, the classical experimental setup, 
consisting in a close system to reach equilibrium 
with a saturated o diluted chemical solution in a 
single desiccator, is quite slow. Schneider (1960) 
presents a huge selection of salts to control suction 
in a wide range of values by using saturated solu-
tions. Temperature changes appear also as a main 
aspect to be considered. The classical experimental 
set up can be improved as presented in Figure 2. 
A pneumatic pump is incorporated to increase the 
mobility of water molecules in a relative humidity 
controlled closed system. Thus, water exchanges 

between soil samles and humid air are accelerated. 
The close system consists of two glass bottles, 
a desiccator and a pneumatic pump. All compo-
nents are interconnected with silicon thick wall 
tubing. To minimize temperature changes, the 
system is installed in a thermostatic water bath. 
If  bottles or desiccators are to light, some gravel 
may be placed inside to prevent flotation in the 
bath. The capacity of the pneumatic pump should 
be of a few litres per minute. The first glass bottle 
contains a saturated solution corresponding to a 
target suction; the tubing coming from the pump 
is immerged in the solution to continuously mix it 
with the salt crystals. The air passes through the 
saturated solution and goes to the second glass 
bottle that works as a transient reservoir where air 
mixture is more homogeneous in terms of relative 
humidity and temperature. Then, the stable air 
mixture is injected to the bottom of the desiccator 
where the soil samples are exposed to an ascending 
air flow. The air mixture is finally taken again by 
the pump and so on. It is important to check the 
system to be free of leaks. To do so, the system is 
pressurized by strangulating the tubing while the 
pump is running. A soap solution is used to check 
that no air bubble appears at any connection. As 
done with the osmotic method, after equilibrium 
time is reached, the soil sample is withdrawn to 
measure its water content.

2.2 Bentonite clays index properties

The water retention properties of three reference 
bentonite clays were investigated. The index prop-
erties of these clays are summarized in Table 1. The 
FoCa7 is a French calcium bentonite, the Kunigel 
VI is a Japanese sodium bentonite considered in 
the Japanese concept of nuclear waste disposal 
and the Wyoming bentonite, so called MX80, have 
been the reference swelling clay in geotechnical 

Figure 1. The osmotic method in a thermostatic bath.

Figure 2. The vapour phase method with air circula-
tion, transient flow in a storage bottle and thermostatic 
bath.

Table 1. Index properties of referenced bentonite clays.

Properties

Clay name

FoCa7 Kunigel VI MX80

Mineralogy 80% Ca- 
Smectite

65% Na- 
Smectite

82% (Na/
Ca = 5,5) 
Smectite

C.E.C, meq/100 g 69.1 76 69.6
Liquid limit, % 120 474 520
Plastic limit, % 50 27 42
Specific gravity 2.67 2.79 2.65
Skempton 

activity
0.78 6.9 5.8

Specific surface, 
m2/g

515 687 800

CAICEDO.indb   136CAICEDO.indb   136 12/27/2012   4:58:30 PM12/27/2012   4:58:30 PM



137

engineering. Thus, there are important reference 
research works about these clays: Bolt (1956), 
Pusch (1982), Dixon et al. (1996), Komine & Ogata 
(1994), Saiyouri et al. (2000), among others.

As indicated above, the water retention proper-
ties of these clays were studied from slurry state in 
a wide range of suctions. To do so, all tests were 
carried out in drying paths. The initial state of 
soil samples was defined to be beyond the liquid 
id limit. For Foca7 nd Kunigel VI the initial water 
conent was equal to 1.1 times liguid limit, but with 
MX80 samples, it was fixed to 1,5 times liquid limit. 
The soil—distilled water mixture was carefully pre-
pared and left to be homogenised in a hermetic 
container for at least 48 hours before testing.

3 RESULTS AND DISCUSSIONS

3.1 The osmotic method

The first aspect to be established was the equilib-
rium time between osmotic suction and water con-
tent of slurry soil samples. To do so, 6 slurry samples 
of different bentonite clays were plunged in a PEG 
solution corresponding to a 7 MPa osmotic suc-
tion. Each sample permits to determine the water 
content a different time, from 48 to 362 hours.

The samples consisted to 10 ml of slurry, placed 
into de semi-permeable membrane with an open 
end syringe. The membrane is provided in form of 
tube rolls that must be cut in pieces to hold each 
sample. Each piece of membrane is first plunged 
in distilled water during some minutes to allow the 
membrane soften to be opened. Then, the syringe 
open end is carefully introduced into de piece of 
membrane to place the 10 ml slurry sample. Both 
ends of the piece of membrane are then tightened 
together and fixed to a support to avoid the ends to 
be submerged into de solution. See Figure 1.

After each immersion time is reached, samples 
are withdrawn from de membrane, weighed and 
oven dried to measure the corresponding water 
content. Changes of water content with time are 
presented in Figure 3 for FoCa7 and Kunigel VI 
bentonites. Note that most water exchanges occur 
during the first 100 hours (about 4 days). However, 
the equilibrium time was fixed equal to 14 days for 
the whole suction range.

To investigate the sensitivity of osmotic tests to 
temperature control, a series of test were carried 
out at a controlled room temperature of 20 °C with 
and without immersion in the thermostatic bath. 
Important variations of the equilibrium water 
content were observed with different bentonites 
clays. However, the most relevant differences were 
obtained with the Kungel VI bentonites. These 
results are presented in Figure 4.

After oven drying the MX80 samples it was 
observed a colour change of samples, from clear 
grey to dark grey depending on the applied suction 
level. The samples submitted to lower suctions, 
below about 1 MPa, conserved their clear grey col-
our that characterises this benonite at the dry state. 
However, as applied suction values are beyond 
about 2 MPa, the colour after oven drying the 
samples becomes darker. The higher the suction, 
the darker the colour becomes when the samples 
are oven dried. This is explained by the presence 
of a PEG film around the sample that is burned 
when the sample is dried. This PEG film is thicker 
as higher is the suction. The pollution of samples 
with PEG may be due to the presence in PEG 6000 
of molecules of molecular size lower than the mem-
brane molecular cut off  of 3500. Because de PEG 
concentration increases with suction, the presence 
of lower size molecules increases also, giving rise to 
a thicker PEG film. Elsewhere, Delage & Cui (2008) 

Figure 3. Water content changes with time for a 7 Mpa 
suction.

Figure 4. WRCs of Kuigel VI bentonite obtained 
with and without the thermo static bath by the osmotic 
method.
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highlight the fragility of cellulotic membranes to 
stresses.

The changes of colour of oven dried samples 
submitted to different suctions can be observed in 
Figure 5.

To somewhat limit this problem, PEG 20000 
molecules were combined with 3500 molecular 
weight cut off  semi-permeable membranes. Because 
the viscosity of the osmotic solution increases with 
the molecular weight of PEG, the maximal suction 
applied with PEG 20000 molecules was limited 
to 3.5 MPa. For this series of tests the same pol-
lution problem with PEG was observed as it was 
with PEG 6000 molecules when suction values are 
beyond the classical range of 1.5 MPa.

The results obtained with the 3 different ben-
tonites, with thermo static bath and PEG 20000 
molecules are plotted together in Figure 6.

Notice that all curves obtained within the 
thermo static bath are smooth and regular typical 
curves. Comparing the position WRCs of all ben-
tonites, one observes that MX80 bentonite retains 
more water than Kunigel VI bentonite and FoCa7 

bentonite respectively. This is good agreement with 
the mineralogical activity of the clay samples. Both, 
MX80 and Kunige VI are sodium bentonites, thus 
their water potential is higher and well differenti-
ated from FoCa7 that is calcium bentonite that 
retains less water in the low suction range. This 
difference of behaviour is due to the double layer 
effects observed in bentonites when sodium is the 
main exchangeable cation. These double layer 
effects are quite well known since the work of Bolt 
(1956) with homoionic Wyoming bentonites.

3.2 The vapour phase method

Concerning the vapour phase method, it is typi-
cally employed to obtain water retention properties 
in the high range of suctions. As indicated above, 
the classical set up consists of a simple desiccator 
containing both a diluted of saturated chemical 
solution, and the soil sample. In this work, only 
saturated solutions were used with both, the 
classical and the improved set up (see Figure 2). 
The selected salts and corresponding suction of the 
saturated solution are summarized in Table 2.

Some tests, corresponding to higher suction 
values were done with the classical set up. Thus, 
samples were placed inside a desiccator with the 
saturated solution and left to equilibrate with time 
in a controlled 20 °C temperature room inside a 
water thermo static bath. The samples were placed 
in capsules inside the desiccators and periodically 
weighed to monitor water content changes with 
time. Some of drying curves obtained with FoCa7 
bentonite are presented in Figure 7. Notice that a 
time of about 200 days is necessary to reach equi-
librium with a 24,9 suction value. Also, a typical 
trend is to have faster water exchanges with increas-
ing suction values. However, the equilibrium time 
depends not only on the suction value but also on 
the composition of the salt. In the case of NaCl, 
equilibrium times are lower than with other salts 
that give rise to higher suctions.

The use of an improved set up, as shown in 
Figure 2, permits to considerably shorten equi-
librium times. This is illustrated in Figure 8 where 

Figure 5. Aspect of oven dried bentonite samples after 
testing.

Figure 6. WRCs obtained with the osmotic method for 
3 different bentonites up to 3.5 MPa.

Table 2. Salts and corresponding suctions.

Salt Suction (MPa)

K2SO4 4.2
KNO3 9
ZnSO47H2O 12.6
(NH4)2SO4 24.9
NaCl 38
NaNO2 57
Mg(NO3)2 82
K2CO3 113
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drying curves of MX80 bentonite are presented. 
Notice that equilibrium times are just a few days, 
one order of magnitude less than equilibrium times 
obtained with the classic set up and similar suction 
range (as compared with results of Figure 7).

In the case of lower suctions values imposed 
with saturated solutions, even with the improved 
method equilibrium times are quite low. The dry-
ing curves of 3 different bentonites, submitted to 
a 4.2 MPa suction with a saturated solution of 
K2SO4 are presented in Figure 9. One can see that 
equilibrium times are of about 60 days in the case 
of sodium bentonites (MX80 and Kunigel VI) and 

about 15 days in the case of calcium bentonites 
(FoCa7). Since lower suction values require the 
use of diluted solutions, difficult to control at a 
constant value, a relative humidity regulator was 
employed to compare the equivalence of both 
osmotic and vapour phase method 7. The relative 
humidity generator consists in two sources of air 
to be mixed by a dew point controller system. One 
of the sources is a dry air source, and the other 
one is a saturated air source. The quantity of air 
taken from each source is automatically controlled 
to maintain a fixed relative humidity value.

Because of the very high relative humidity, nec-
essary to obtain low suction values by the vapour 
phase method, water exchanges are very low 
in drying path and equilibrium time very long, 
even with an improved method. Thus, only one 
low suction point is presented in this work with 
the vapour phase method. The drying curve of a 
MX80 bentonite sample, submitted to a suction 
value of 0,271 MPa (relative humidity of 98,8% 
and T = 20 °C) is plotted in Figure 10. Note that 
equilibrium time is of about 180 days to reach a 
water content of 123.61%.

To compare osmotic and vapour phase methods, 
the results obtained with both methods for MX80 
bentonite are plotted in Figure 11. It is interest-
ing to note that the vapour phase point obtained 
at a low suction value (0.271 MPa) fits quit well 
with points obtained with the osmotic method. 
However, there is not good agreement with the 
osmotic method when suction is beyond 1.5 MPa. 
Two points, corresponding to suction values of 
1.85 and 3.45 MPa are placed quite below the 
general trend. These points correspond to samples 
polluted with PEG. Thus, when computing water 
content, the mass of the PEG film covering the 
samples increases the weight of solids and water 
content is computed lower than the real value. 
Thus only the points obtained below the classic 
range of 1.5 MPa are considered in the WRC with 
the osmotic method.

Figure 7. Water content changes with time of 
FoCa7 samples submitted to different suctions by classic 
vapour phase method.

Figure 8. Water content changes with time of 
MX80 samples submitted to different suctions by the 
improved vapour phase method.

Figure 9. Water content changes with time of samples 
submitted to a 4.2 MPa suction by the improved vapour 
phase method.

Figure 10. Water content changes with time of a 
MX80 samples submitted to a 0.271 MPa suction with a 
relative humidity generator.
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The complete set of results is presented in 
Figure 12; note that for high to very high suc-
tion values, all WRCs are quite close and paral-
lel. At this stage, Sposito & Prost (1992) indicate 
that water exchanges are only controlled at the 
hydrophilic sites of the clay (exchangeable cations 
and the mineral surface) by a different phenom-
enon: the extraction layer by layer of adsorbed 
water molecules.

4 CONCLUSIONS

WRCs of 3 reference bentonites clays were 
obtained with only two methods in a wide range 
of suctions. A good agreement and a continuous 
trend is observed between both the osmotic and 
the vapour phase method in the range of low to 
medium suction values.

It was found systematically that pollution of 
soil samples submitted to osmotic suctions beyond 
1.5 MPa. Thus it suggests that the extension of the 
osmotic method is difficult to be applied.

In the light of the results obtained here with the 
improved vapour phase method, researchers are 
encouraged to enlarge its application to lower suc-
tions by using relative humidity air generators.
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ABSTRACT: A potential method of improving the performance of geotechnical systems involving 
unsaturated soils is to induce water flow away from heat exchangers embedded in the soil, with the goal 
of maintaining unsaturated conditions. The mechanical response of an unsaturated, compacted silt layer 
with a heat exchanger embedded at mid-height is investigated in this study using a plate load test. Plate 
load tests after different stages of heating indicate an increase in stiffness of the soil layer with increasing 
temperature. Further, the soil layer was observed to exhibit irreversible contraction during heating which 
led to a greater stiffness upon subsequent cooling. The results from this preliminary study indicate the 
potential for using embedded heat exchangers for the mechanical improvement of geotechnical systems 
incorporating unsaturated soils.

the case where spurious heat from buildings and 
industry is readily available.

Although a substantial amount of research has 
been performed on the influence of temperature on 
the engineering properties of saturated soils, there 
have only been a limited amount of studies on the 
thermal impact of unsaturated soils. The objective 
of this paper is to present the preliminary results 
of a laboratory study designed to investigate the 
impact of heat exchange on the mechanical behav-
ior of an unsaturated, compacted silt layer.

2 BACKGROUND

2.1 Thermally induced water flow

In the presence of a temperature gradient, water 
will move through soils from regions of high to 
low temperature in both liquid and vapor phases. 
Vapor transport is primarily a diffusive process 
resulting from the development of a vapor pres-
sure gradient corresponding to a thermal gradient. 
Liquid water flows from areas of warm to cold 
due to a surface tension gradient, as the air-water 
surface tension increases with decreasing tempera-
ture (Cary 1966). Thermally induced water flow in 
soils depends on the initial saturation, hydraulic 
conductivity, thermal conductivity, and porosity. 
A greater zone of influence is expected for silts or 
clays of low plasticity with a higher initial degree 
of saturation.

1 INTRODUCTION

Because the performance of near-surface geotech-
nical systems can be adversely affected by water 
flow arising from environmental interactions, 
most geotechnical design guides for fill-type sys-
tems require the use of free-draining backfill soils 
(Sabatini et al., 1997). Soils with low permeability 
are avoided because their strength and stiffness 
may decrease with increasing water content (or 
decreasing suction), leading to undesirable defor-
mations. However, by maintaining poorly-draining 
backfill soils in unsaturated conditions, it may be 
possible to minimize deformations during environ-
mental interaction.

It is well known that suction is directly related to 
the effective stress in unsaturated soils (Khalili & 
Khabbaz 1998, Lu & Likos 2006). An increase 
in effective stress can lead to significant improve-
ments in shear strength and stiffness. This paper 
investigates a novel approach to maintain unsatu-
rated conditions in poorly-draining backfills by 
employing heat exchangers embedded in the soil to 
drive water from the soil through thermally induced 
water flow. Further, heating of unsaturated soils 
may lead to thermal consolidation, which may lead 
to additional improvement in mechanical proper-
ties (Uchaipichat and Khalili 2009). Because of 
these features, heating of soils may be a feasi-
ble approach to enable use of a broader class of 
backfill soils than currently accepted, especially in 
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2.2 Thermal effects on volume change

In addition to thermally induced water flow in 
response to a thermal gradient, heating of  a soil 
element in drained conditions can also lead to 
both recoverable (elastic) and irrecoverable (plas-
tic) volume change. During drained heating tests 
on normally consolidated and lightly overcon-
solidated saturated soils, differential expansion 
between the water and soil particles leads to the 
generation of  excess pore water pressure, which 
dissipates with time resulting in a time-dependent, 
irrecoverable volumetric contraction of  the soil 
(Sultan et al., 2002, Abuel-Naga et al., 2007). Sat-
urated soils with overconsolidation ratios (OCRs) 
greater than 1.5 to 3 tend to expand elastically 
during heating (Towhata et al., 1993, Cekerevac & 
Laloui 2004).

There have been fewer studies on the thermal 
volume change behavior of non-swelling unsatu-
rated clays. Saix et al., (2000) performed heating 
tests on a low plasticity clayey silt specimen at a 
constant suction of 4.9 kPa and observed plastic 
contraction upon heating. Uchaipichat and Khalili 
(2009) performed heating tests on compacted silt 
under various suctions and observed larger ther-
mal contraction with increasing effective confining 
pressure.

2.3 Thermal effects on strength and stiffness

Temperature is not generally observed to have a 
significant impact on the material properties of  a 
saturated or unsaturated soil. Studies on the influ-
ence of  temperature on the compression behavior 
of  soils have found the compression index to 
be independent of  temperature for saturated 
soils (Campanella & Mitchell 1968, Graham 
et al., 2001) and unsaturated soils (Saix et al., 
2000, Uchaipichat & Khalili 2009). Further, 
Cekerevac & Laloui (2004) observed that tem-
perature does not have a significant impact on 
the critical state friction angle. Temperature 
can influence the shear strength and stiffness of 
soils through volume change and changes in the 
shape of  the plastic yield surface. For saturated 
normally consolidated clays, thermal volumetric 
contraction has been found to correspond to an 
increase in shear strength and stiffness (Abuel-
Naga et al., 2009), likely due to an apparent 
overconsolidation effect (Tidfors & Sällfors 1989, 
Eriksson 1989). Conversely, overconsolidated 
soils show a decrease in shear strength after heat-
ing due a decrease in the apparent preconsolida-
tion stress. Although unsaturated soils may show 
thermal contraction during heating, the peak 
shear strength may decrease with increasing 
temperature (Uchaipichat and Khalili 2009).

3 TESTING APPARATUS

To assess the impact of heat exchange on the 
mechanical improvement of unsaturated soils, 
a new physical modeling setup was developed. This 
setup incorporates a strongbox containing a soil 
layer with an embedded heat exchanger at mid-
height, a loading system to apply a distributed load 
to the soil surface, and instrumentation to measure 
soil deformations. Dielectric sensors (model 5TE) 
obtained from Decagon Devices were used to track 
changes in water content and temperature in the soil 
layer. The experimental setup is shown in Figure 1.

3.1 Soil container

A soil container with interior dimensions of 30.5 cm-
depth by 76.2 cm-width by 40.6 cm-height was used 
in this study. The container includes a 12.5 cm-thick 
aluminum base and three 1.25 cm-thick aluminum 
plates forming the left, rear, and right sides of con-
tainer. The front of the container is a 3.8 cm-thick 
acrylic plate which permits visual observation of the 
soil layer. 6 mm-thick insulation sheets were placed 
around the container walls to reduce heat flux into 
or from the soil container. The installed insulation 
has a thermal resistivity of 4 m2 K/W.

3.2 Temperature control system

Heat is applied to the mid-height of the soil layer 
by circulating ethylene glycol through a heat 
exchange loop embedded within the compacted 
soil specimen. The heat exchange loops are made 
from polyethylene tubing with an outer diameter of 
6.35 mm, arranged in an overlapping circular ori-
entation (Figures 1a and 1b). The temperature of 
the heat exchange fluid is controlled using a heat 
pump (F25-ME refrigerated/heated circulator 
from Julabo, Inc.) which also circulates the fluid. 
Two pipe-plug thermocouples, TC1 and TC2 
(Figure 1a), are used to measure the inlet and 
outlet temperatures of the heat exchange fluid, 
respectively. The soil temperature and volumetric 
water content (VWC) profiles during testing are 
measured using ten 5TE soil sensors from Deca-
gon Devices, spaced evenly with height in the soil 
layer (Figure 1a). Ambient temperature is meas-
ured with a K-type thermocouple.

3.3 Mechanical loading system

Distributed loads are applied to the compacted 
soil layer using a 10 mm-thick, 16.5 cm by 8.5 cm 
aluminum loading plate. A double-acting pneu-
matic air cylinder manufactured by Bellofram Pre-
cision Controls is used to generate loads applied 
to the plate. The axial force is measured using a 
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Futek S-type load cell, Model LSB530, mounted 
between the bottom of the air cylinder rod and the 
top of  the aluminum loading plate (Figure 1a/c). 
The settlements of  the soil and plate are moni-
tored using three linearly variable differential 
transformers (LVDTs) (Model HR-DC 500). Set-
tlements are assumed to be symmetrical so LVDTs 
were only placed on side of  the plate (Figure 1a/c). 
In addition to the LVDT on the plate to track 
deformation during heating or mechanical load-
ing of  the plate, two LVDTs are mounted at 14 cm 
and 24.1 cm from the center of  the plate.

4 MATERIAL & PREPARATION

Tests were performed on a layer of compacted 
Bonny silt. Bonny silt is an ML silt with liquid and 
plastic limits of 25 and 21, respectively, and a fines 
content of 83.9%. An activity of 0.29 indicates that 
Bonny silt does not contain clay minerals whose 
behavior may be affected by temperature. The 
thermal conductivity of saturated Bonny silt was 
measured using a KD2Pro thermal needle from 

Decagon Devices, and ranged from 1.40 to 1.55 W/
(m °C) for void ratios ranging from 0.60 to 0.46, 
respectively.

The silt layer evaluated in this study was pre-
pared in 12 equal lifts using dynamic compaction 
to reach a dry density of 1.5 g/cm3. The gravimetric 
water content was 19.5%, which is 5.9% wet of the 
standard Proctor optimum water content. Each lift 
was scarified to minimize weak planes. A 5TE sen-
sor was placed upon a mound of loose silt prior to 
compaction of the next lift. Plastic wrap was placed 
above the top of the soil surface (except around 
the plate and LVDTs). This approach was used to 
impose a no-flux boundary at the soil surface and 
reduces atmospheric effects during testing.

5 EXPERIMENTAL PROGRAM

Following compaction of the unsaturated silt speci-
men, the instrumentation was assembled and a seat-
ing load of 15 N was applied to the loading plate in 
order to ensure contact between the plate and soil 
surface. To quantify the impact of heat exchange on 

Figure 1. Experimental setup: a. Schematic of container with instrumentation locations; b. Photo of heat exchange 
tubing at mid-height of the soil layer; c. Photo of LVDTs and loading system on the soil surface with plastic to avoid 
excess drying.
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the mechanical improvement of the compacted silt, 
six load-settlement tests were performed at varying 
temperatures. A typical loading scheme is shown in 
Figure 2a. The plate load was slowly increased until 
the soil reached virgin compression (Load 1) after 
which the plate load was decreased to half the pre-
vious maximum load to measure the recompression 
stiffness (defined load required to deflect the soil by 
1 mm). To ensure accuracy in recompression stiff-
ness measurements, two to three unloading curves 
were measured per temperature increment. To do 
so, the soil would be reloaded to a new maximum 
load (Load 2—roughly 130% of the previous maxi-
mum load) and then unloaded (Figure 2a).

A load-settlement test was performed at ambi-
ent temperature (≈20 °C) to provide a baseline 
measurement. Additional load-settlement tests 
were performed after reaching input heat pump 
temperatures of 35, 50, 65 and 80 °C, and a cool-
ing temperature of 40 °C (Figure 2b). The goal of 
these tests was to quantify irreversible effects on 
the loading-unloading plate load stiffness which 
may have occurred after heating. These heat pump 
temperature settings correspond to soil tempera-
tures at the heat exchanger level of 20.0, 29.6, 39.4, 
50.6, 61.3, and 31.4 °C, measured using thermo-
couple TC1. Heat was applied to the specimen 
following each previous load-settlement test at a 
rate of 0.5 °C/hr as inferred from the temperature 

readings within the specimen. During each heating 
increment, the applied temperature was main-
tained until the soil surrounding the heat exchange 
reached a uniform temperature and volumetric 
water content. Approximately 1 week was required 
for the compacted silt layer to reach steady state 
conditions. All thermally induced settlements and 
soil volumetric water content and temperature pro-
files were recorded at increments of 15 seconds and 
1 minutes during heating/cooling, respectively.

6 TESTING RESULTS

Typical volumetric water content profiles, tem-
perature profiles, and load-settlement results for 
the compacted specimen (in the case of heating 
and loading at 52.5 °C) are shown in Figure 3. The 
temperature profiles in Figure 3a are observed to 
increase dramatically and reach steady state within 
10 hours after initial heating with the largest increase 
at the location of the heat exchange tubing. The 
theory of thermally induced water flow is reflected 
in Figure 3b. Initially, the volumetric water content 
increases along the entirety of the soil specimen, 
with the largest increase occurring at the location 
of the heat exchanger. This is most likely due to the 
pore water expanding under increased temperatures 
and filling the remaining pore space. Following 
this initial increase, the volumetric water content 
is observed to decrease nearest the heat exchanger 
as water begins to flow toward zones of lower tem-
perature. These results illustrate the two phases of 
thermal response of water in unsaturated soils.

The plate settlements during loading/unloading 
are shown in Figures 3c and 3d. The soil layer exhib-
its an elastic response to loading prior to reaching 
the virgin compression curve, with less settlement 
occurring further away from the point of loading 
(Figure 3c). A coupled elasto-plastic soil response is 
observed in Figure 3d once the soil is placed under 
loads greater than the previous maximum load. 
Both recompression curves exhibit the same slope.

7 ANALYSIS

The results for the six temperature intervals applied 
to the compacted silt specimen are summarized in 
Figure 4. The temperature profiles for each of the 
six intervals are plotted in Figure 4a. As expected, 
the temperature was highest at points closest to the 
heat exchange tubing, with decreasing temperature 
towards the boundaries of the soil layer. During 
all heating increments up to 52.5 °C, the volumet-
ric water content was observed to increase with 
increasing temperature with the largest magnitude 
increase occurring near the heat exchange tubing 

Figure 2. Experimental procedures: a. Mechani-
cal loading scheme; b. Applied temperature and load-
settlement test schedule; c. Applied and measured soil 
temperatures.
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Figure 3. Results from test at 80 °C: a. Temperature profile with time; b. Volumetric water content profile with time; 
c. Soil surface settlements during loading; d. Load-settlement curve.

Figure 4. Summary of results: a. Temperature profile for each temperature increment; b. Volumetric water content 
profile for each temperature increment; c. Load-settlement results from all six temperature increments; d. Unloading 
stiffness versus temperature.

and also along the top and bottom soil boundaries 
(Figure 4b). The measured increase in volumetric 
water content nearest the heat exchange tubing 
is mostly due to the thermal expansion of the 
pore water during heating. However, assuming 

thermal expansion to be the only cause for 
increased volumetric water content would suggest 
a decreasing water content profile towards the soil 
boundaries, which is not observed in the data. The 
increase in volumetric water content along the soil 
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boundaries is most likely due to the accumulation 
of pore water as a result of thermally induced 
water flow away from the heat exchangers.

This behaviour is further indicated by the volu-
metric water content profile measured following 
cooling to 30.3 °C. A slightly drier profile seen 
during the cooling stage suggests an overall move-
ment of water due to heating as volumetric water 
content changes due to the thermal expansion 
of water is considered a reversible process which 
would place the cooling volumetric water content 
profile somewhere between the measured profiles 
at 26.5 and 35.2 °C. Additionally, dry zones were 
observed near the heat exchange tubing upon exca-
vation of the compacted specimen.

The load-settlement results from all six tempera-
ture increments are presented in Figure 4c. Ther-
mal settlements were observed during heating and 
cooling as expected for a normally consolidated to 
lightly overconsolidated soil (Cekerevac & Laloui 
2004). As the soil was heated, larger loads were 
required to reach the apparent preconsolidation 
stress, indicating an overconsolidation effect as a 
result of heating. Further, the recompression stiff-
ness was observed to increase with increasing tem-
perature as shown in Figure 4d. This increase in 
stiffness is due to the development of a drier soil 
zone located around the heat source and an appar-
ent increase in soil density resulting from settle-
ment of the soil layer during heating.

During cooling, the recompression stiffness 
remained unchanged from the previous stiffness 
measured at 52.5 °C, indicating that a partially irre-
versible process occurred during the preceding heat-
ing increments. As water is driven away from a heat 
source, an apparent reduction in thermal conduc-
tivity and hydraulic conductivity occurs within the 
zone of influence of the heat exchanger (defined as 
the zone of water content change within a soil layer 
where flow takes place) due to the decrease in water 
content. Therefore, cooling will not result in complete 
recovery of the change in water content. Because 
of this, the zone of influence surrounding the heat 
exchanger will remain slightly drier than measured 
prior to heating. Additionally, the increase in density 
of the soil layer due to thermal settlement will result 
in an additional irreversible increase in soil stiffness.

8 CONCLUSION

Tests were performed in this study to evaluate 
the impact of heating on the mechanical proper-
ties of a compacted, unsaturated layer of silt. An 
irreversible increase in the plate load stiffness was 
observed after application of heat in increments 
using a heat exchanger at mid-height. This is attrib-
uted to the movement of pore water away from the 

heat source, leading to an increase in the effective 
stress in the unsaturated soil layer. This increase in 
stiffness also is caused by an increase in density of 
the soil layer due to thermal settlement. Further 
research is needed to quantify the individual influ-
ence of both phenomena on the soil stiffness. The 
results indicate that heat exchangers can be inte-
grated into earthen embankments as a means of 
soil improvement.
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Triaxial cell for nonisothermal shear strength of compacted 
silt under high suction magnitudes
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ABSTRACT: This study introduces a new triaxial cell which was developed to measure the shear 
strength of unsaturated soils under elevated temperatures and high suction magnitudes. Suction control 
is implemented by circulating vapor through a soil specimen having an initially low degree of saturation. 
The relative humidity in the vapor is controlled using an automated humidity system which uses a probe 
in the bottom platen of the triaxial cell to partition wet and dry Nitrogen gas through the specimen. 
The temperature of the soil specimen is controlled using heating elements in the cell fluid. This paper 
also presents the experimental procedures used to calibrate the temperature effects on the deformation 
response of the cell and the suction control system under elevated temperatures. The results from this 
study indicate the versatility of this new device in measuring the shear strength and volume change of 
soils under high temperature and suction magnitudes.

not been investigated. An understanding of the 
inter-relationships between these variables will 
also help improve our understanding of the effec-
tive stress in unsaturated soils under different con-
ditions, and will help to develop nonisothermal 
elasto-plastic constitutive relations for unsaturated 
soils. Although a range of constitutive relationships 
have been developed for saturated soils (Huekel & 
Baldi 1990, Cui et al., 2000, Laloui & Cekerevac 
2003, Abuel-Naga et al., 2009, Huekel et al., 2009), 
the behavior of unsaturated soils in nonisothermal 
conditions has not been thoroughly investigated 
(Saix et al., 2000), especially under high suctions.

To achieve the objective of this study, a new 
triaxial cell was designed which incorporates the 
vapor equilibrium technique to control high suc-
tion magnitudes, and a temperature control system 
to apply elevated temperatures. The suction control 
system proposed by Likos & Lu (2003) is particu-
larly suited for this application. They developed a 
mass flow control system with relative humidity 
feedback to mix water-saturated and dry air to 
a known proportion and pass it through the soil 
specimen. Further, the triaxial system developed by 
Uchaipichat & Khalili (2009), which incorporated 
a resistance heater, cell fluid circulation, a glass 
cell, and digital image analysis to track changes in 
volume of specimens under various temperature 
and suction ranges. This paper presents the unique 
calibration issues involved in the cell deformation 
response and the suction control system.

1 INTRODUCTION

An improved understanding of the relative 
impacts of  the coupled thermo-hydro-mechanical 
behavior of  unsaturated soils during application 
of elevated temperatures and high suction magni-
tudes is needed to interpret the behavior of  ther-
mally active geotechnical systems. These include 
ground-coupled heat exchangers (Brandl 2006), 
containment systems for nuclear waste (Gens 
et al., 1998) and buried electrical cables (Abdel-
Hadi & Mitchell 1981). An improved understand-
ing of the roles of  temperature and suction may 
also be needed to understand the impact of  using 
spurious heat from industry or cooling of build-
ings to improve the mechanical behavior of  soils 
(McCartney 2012).

The objective of this paper is to understand the 
nonisothermal shear strength and deformation 
behavior of unsaturated silt under high suction mag-
nitudes. Specifically, this study involves an investi-
gation of the effects of temperature changes on the 
soil-water retention curve (SWRC), volume change 
parameters, and the shear-stress strain curve param-
eters for unsaturated soils. Although some studies 
have evaluated the impact of high suction magni-
tudes on these variables (Blatz & Graham 2000, 
Nishimura & Fredlund 2000, Lloret et al., 2003) and 
others have evaluated the impact of elevated tem-
peratures on these variables (Uchaipichat & Khalili 
2009), the combined effects of these variables have 
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2 BACKGROUND

2.1 Vapor equilibrium technique for control 
of high suction magnitudes

The vapor equilibrium technique has been used in 
several studies, including those by Tessier (1984), 
Delage et al., (1998), Romero (1999), Delage & 
Cui (2000), Villar (2000), and Blatz et al., (2008). 
This technique involves the use of saturated salt 
solutions to control the relative humidity of the 
air within a closed chamber. If  a soil specimen is 
suspended above the air within the chamber, the 
relative humidity within the chamber will cause 
evaporation or condensation of water from the soil 
pores. The basis of the vapor equilibrium technique 
is Kelvin’s law, which relates the total suction in the 
soil with the relative humidity of the air in closed 
environmental chamber containing saturated salt 
solutions (Fredlund & Rahardjo 1993). The suc-
tion was calculated using equation 1as follows:

ψ
ρ

= w

w
h

RT

M
ln( )hRhh

 

(1)

where ψ = the total soil suction (kPa), R = the univer-
sal (molar) gas constant, equal to 8.31432 J/molK, 
T = the absolute temperature in Kelvin, MW = the 
molecular mass of water vapor equal to 18.016 g/mol, 
ρw = the density of water (kg/m3), and Rh = the rela-
tive humidity of the pore air in decimal form. The 
relative humidity is related to the total suction in the 
soil, not the matric suction. The matric suction is 
related to capillarity while the total suction incorpo-
rates both capillarity and osmotic suction effects.

Several studies have incorporated the vapor 
equilibrium technique into triaxial cells for appli-
cation of high suctions (Blatz & Graham 2000, 
Nishimura & Fredlund 2003), but none have evalu-
ated the coupled role of high temperatures on the 
shear strength of unsaturated soils using the same 
technique. However, due to the sensitivity of this 
technique to air temperature, Tang & Cui (2005) 
performed a calibration tests for several saturated 
salt solutions to account for the effect of tempera-
ture on the relative humidity and consequently on 
the suction applied. They found that changes in 
temperature from 20 to 80˚C can lead to changes 
in suction from 82 to 184 MPa for a saturated solu-
tion of Mg(NO3)2. This increase in suction due to 
temperature and the coupled effect on the shear 
strength of unsaturated silt was also investigated 
by Alsherif  & McCartney (2012).

Although the vapor equilibrium technique using 
the saturated salt solutions is a simple approach to 
control the total suction, it may be time consuming 
due to the slow rates of evaporation and conden-
sation. In addition, the change in the salt solution 
concentration and the solubility of the salt due to 

temperature increase over time would change the 
target suction applied to the soil specimen. To speed 
up the rate of evaporation, circulation system was 
used to force the air to flow through the soil speci-
mens using an air flow pump (Cunningham et al., 
2003, Nishimura & Fredlund 2003, Blatz & Graham 
2003). The effect of using the circulation system on 
the target suction applied was assessed by Pintado 
et al., (2009) using the same odometer apparatus 
that used by Lloret et al., (2003). Their test results 
indicate that the time needed to reach equilibrium 
can be shortened from weeks to days by using air 
circulation. They also stated that necessary precau-
tions should be taken because equilibrium suction 
could differ from the applied suction due to the gas 
pressure difference between the boundaries. They 
suggested some precautions such as keeping the 
air pressure difference smaller than 10 kPa between 
boundaries to improve the accuracy of results and 
using soils with high air permeability to help reduc-
ing this differential pressure. High air permeability 
for compacted soils can be achieved by by lower-
ing the initial degree of saturation at compaction or 
drying the specimen before placement in the device.

Due to the issues noted with the use of saturated 
salt solutions to independently control the temper-
ature and suction in soils, an alternative approach 
involving vapour control may be more appropriate. 
The suction control system proposed by Likos & 
Lu (2003) is particularly suited for this application. 
They developed a system to control the relative 
humidity of pore air flowing through a soil speci-
men by using mass flow controllers to mix water-
saturated and dry air to a known proportion. The 
advantages of the new system over existing suction 
measurement techniques are that it is fully auto-
mated, has a much broader measurement range 
and is capable of determining both wetting and 
drying characteristics in significantly less time.

2.2 Effects of suction on the shear strength 
of unsaturated soils

Many studies have evaluated the shear strength 
of unsaturated soils. Most of the testing has been 
performed under isothermal conditions with low 
suction magnitudes controlled using the axis 
translation technique. Blight (1967) conducted 
consolidated-drained (CD) triaxial tests for speci-
mens of unsaturated silt and found that the shear 
strength of the soil increases with increasing the 
suction applied and increasing the net normal stress. 
Escario (1980) performed suction-controlled direct 
shear tests on unsaturated soil and found that the 
slope of the failure envelope (the tangent of the 
drained friction angle) is independent of suction. 
This implies that the slope of the failure envelope 
defined under saturated conditions should be the 
same as at different suction magnitudes.
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Many other studies have focused on evaluating 
the shear strength of unsaturated soils under high 
suction magnitudes. Nishimura & Fredlund (2000) 
conducted isothermal triaxial compression tests on 
silty soil under high suction magnitudes. They found 
constant values of shear strength with increasing 
suction after the soil reached residual saturation, 
and that the rate of increase in peak shear strength 
with net normal stress was similar to the effective 
internal friction angle for saturated conditions. Blatz 
(2002) examined the effect of high suction and high 
confining pressure on the behavior of a compacted 
sand-bentonite by performing a series of undrained 
triaxial tests. Their test results show a nonlinear 
increase in the strength and stiffness with increas-
ing suction. They also suggested that the gains in 
strength were probably connected to the correspond-
ing increases in density more than the effect of shear 
resistance due to suction forces. A ring shear appa-
ratus adapted with suction control using the vapor 
equilibrium technique was used by Vaunant et al., 
(2007) and Merchan et al. (2008) to investigate the 
effect of high magnitudes of total suction on the 
residual shear strength of low plasticity clay, and an 
increase in strength was noted with increasing suction.

2.3 Effects of elevated temperature on the shear 
strength of unsaturated soils

Recently, Uchaipichat & Khalili (2009) evaluated the 
shear strength and volume change of unsaturated 
soils under non-isothermal conditions. They per-
formed an evaluation of compacted silt behavior for 
suction magnitudes less than 300 kPa. For a given 
suction magnitude, they observed a decrease in peak 
shear strength with increasing temperature, although 
the shear strength at critical state conditions was 
unaffected. The peak and critical state shear strengths 
were more sensitive to suction than temperature.

Although interesting lessons were learned from 
these tests on low suctions, there has not been a 
thorough study on the impact of temperature on the 
strength of unsaturated soils under higher suction 
magnitudes. Most research on the impact of high 
suction magnitudes has focused on the impact of 
suction on the shear strength of soils, and the impact 
of temperature has not been thoroughly investi-
gated. Alsherif & McCartney (2012) performed a 
preliminary set of tests to assess the roles of suc-
tion and temperature on the effective stress and 
shear strength of unsaturated compacted silt. They 
found that the peak shear strength increases slightly 
for compacted silt under high suction magnitudes 
with increasing temperature, which is contradictory 
to the observations of Uchaipichat & Khalili (2009) 
for low suction magnitudes, which confirms the 
importance of further investigation into the impacts 
of temperature on the shear strength of compacted 
silts under high suction magnitudes.

3 TESTING APPARATUS

A triaxial cell was designed to accommodate the 
application of high temperatures and high suction 
magnitudes using the vapor equilibrium technique. 
A drawing of the complete system including the 
modified triaxial cell is shown in Figure 1(a), while a 
picture of the system is shown in Figure 1(b). Duran 
Borosilicate tubing with a 180 mm outer diameter, 
a 9 mm wall thickness and a 381 mm length is used 
as the pressure vessel. This material is resistant to 
thermal shock, has low thermal expansion and high 
chemical resistance. Internal pressures of up to 
630 kPa (90 psi) can be applied, making this a suita-
ble cell for triaxial testing at elevated temperatures.

3.1 Suction control system

The upper and lower platens were designed to allow 
the application of high suctions using the vapor 
equilibrium technique. Specifically, N2 gas was 
forced through the bottom of the specimen using an 
air flow circulation system and vented from the top 
of the specimen. The air circulation system consists 
of a computer-automated humidity-control system 
developed previously by Likos & Lu (2001) which 
permits control of the relative humidity of the 
pore air and consequently the suction applied to 

Figure 1. Thermo-hydro-mechanical triaxial setup: 
(a) Schematic; (b) Picture.
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the soil specimen. This system also insures that the 
temperature of the gas stream is the same as that 
of the specimen. The relative humidity is controlled 
using mass-flow valves (MKS Instruments, Type 
1179 A) which mix different proportions of vapor-
saturated, or ‘wet’, N2 gas and desiccated, or ‘dry’, 
N2 gas (e.g., Chipera et al., 1997).

Specifically, N2 gas is passed from a pressure 
regulated tank through 6.35 mm-diameter PFA 
(perfluoroalkoxy) tubing, which is split into two 
separate gas streams through the mass-flow valves. 
These valves can regulate the flow of each gas 
stream between zero and 200 cm3/min based on a 
signal from LabView. The first gas stream is vapor-
saturated by passing it through a tank filled with 
distilled water resting on a heat plate maintained 
at the same temperature as the soil specimen. The 
PFA tubing coming out of the bottle was covered 
with aluminum foil to reduce temperature losses. 
The second gas stream is routed through a Ham-
mond cylinder filled with color-indicating drierite 
desiccant media (calcium sulfate, >98% CaS04, >2% 
CaCl2). The two gas streams (wet and dry) are 
then introduced into a mixing chamber at a com-
bined flow rate of 200 cm3/min. The combined gas 
stream with a relative humidity that is a function 
of the ‘wet’ to ‘dry’ gas flow ratio (w/d) was forced 
through the bottom of the soil specimen.

Assessment of applied suction was made using a 
relative humidity and temperature probe obtained 
from Vaisala, Inc. of HMT330. The bottom platen 
has a port through which the probe can be installed 
to monitor the relative humidity at the bottom of 
the specimen. The probe can function under pres-
sures up to 407 kPa and can measure the full range 
of relative humidity over temperatures ranging from 
−70 °C to +180 °C. A rigid porous disk separates the 
bottom of the specimen from the head of the probe 
so that the probe does not impact the mechani-
cal performance of the specimen. Signals from the 
humidity probe are used in a LabView feedback loop 
to regulate the ‘wet’ to ‘dry’ gas flow ratio (w/d).

3.2 Temperature control system

The temperature controlling system consists of 
three Watlow cartridge heating elements with 
dimensions of 6.35 mm in diameter and 229 mm 
in length, which were fixed through the base of the 
cell. They heaters were arranged around the soil 
specimen to assure even and fast distribution of 
temperature. A 75420-00 water circulation pump 
from SHURFlo connected to the pressurized water 
inside the cell is used to ensure that the temperature 
of the water is uniform throughout the cell. A tem-
perature controller was connected to the heating 
elements for controlling the temperature in the cell. 
A thermocouple was connected to the top of the 
cell to provide a feedback loop of the temperature 

applied to the triaxial cell in addition to using the 
relative humidity and temperature probe reading as 
a feedback to insure that the soil specimen having 
the same temperature as the water inside the cell.

3.3 Mechanical loading system

A Brainard-Kilman Model S-600 triaxial load frame 
was used to apply axial loads to the triaxial cell pis-
ton. This frame is appropriate for performing con-
stant displacement rate test. Although a constant 
displacement rate was used, the axial displacement 
during shearing was also measured using a linearly 
variable deformation transformer (LVDT). A load 
cell was used to record axial loads applied to the 
specimen during shearing. In this test setup, soil 
specimen volume change due to heating inside the 
triaxial cell during both shearing and during appli-
cation of high suction was measured using visual 
observation of the water level in graduated burettes 
connected to the water line of the cell pressure.

4 THERMAL CALIBRATION TESTS

The thermal expansion of the different parts of 
the triaxial cell, including porous stones, drain-
age lines, and the water filling them due to a tem-
perature increase may affect the volume change 
measurements of the unsaturated soil specimen 
measured using the LVDT and cell water inflow 
or outflow. A calibration In order to calculate the 
actual volume change of the soil specimen during 
temperature changes, it is necessary to perform 
a thermal calibration tests. An aluminum cylin-
der with a diameter of 35.5 mm and a height of 
71 mm was used to assess the thermal expansion of 
the system. The volumetric coefficient of thermal 
expansion of aluminum is 6.9 × 10−5 m/m°C. The 
volume calibration test began at room temperature 
(23 °C) by applying a confining pressure (50 kPa, 
100 kPa and 200 kPa) followed by increasing the 
temperature in steps of 10 °C up to 70 °C over 
6 hours intervals and monitoring the temperature 
at the bottom of the aluminum cylinder using the 
temperature probe until reaching steady state. 
After this, the temperature was decreased to 23 °C. 
During the heating-cooling cycle, the overall vol-
ume change was estimated using observation of 
water levels in a graduated burette.

The relative humidity controlled using the auto-
mated humidity system was calibrated by perform-
ing a test on a sand specimen used for the purpose of 
rapidly reaching steady state gas flow. The calibra-
tion test involved changing the wet and dry N2 gas 
percentages to different values and monitoring the 
relative humidity recorded by the probe until reach-
ing equilibrium. The test was repeated by maintain-
ing a constant wet and dry N2 gas percentage and 
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changing the temperature. The temperature was 
increased in increments up to 70 °C and changes in 
measured relative humidity were recorded.

5 CALIBRATION TESTING RESULTS

In order to insure that the cell temperature matches 
the soil specimen temperature, the controlled tem-
perature applied to the water inside the triaxial cell 
using the temperature controller was compared 
to the equilibrium temperature recorded using 
the temperature probe, and a 1:1 relationship was 
obtained.

The observed volume change of the drainage sys-
tem was corrected for the known value of volumetric 
thermal expansion and shrinkage of the aluminum 
during the heating-cooling cycles. The volume 
change of the aluminum specimen was subtracted 
from the measured volume change as follows:

Δ ΔVcorrVV V LtVV o l
oL−ΔVtVV

( )d TΔod ll π LL
2

4  
(2)

where ΔVcorr are the corrected volume change for 
the triaxial cell, α1 is the volumetric coefficient of 
thermal expansion for aluminum, ΔVt is the total 
volume change, and do and Lo are the original 
diameter and height of the aluminum specimen, 
respectively, at ambient temperature. The calibrated 
volume change with respect to testing temperature 
and confining pressure is shown in Figure 2.

The results indicate that the confining pressure 
has a slight effect on the volume change and this 
effect increases slightly at higher temperatures. For 
a heating-cooling cycle, about 75% of the induced 
thermal expansion was reversible. This informa-
tion will be used later to correct the observed vol-
ume change for drained tests on soils at different 
temperatures. The data recorded from the rela-
tive humidity and temperature probes at ambient 
temperature and varies percentages of saturated 
and dry N2 gas with respect to time is shown in 
Figure 3. This figure shows that a relative humidity 
of 26% corresponds to a mixture of 50% wet and 
50% dry N2 gases, and a relative humidity of 50% 
corresponds to 75% wet and 25% dry N2 gases. 
The corresponding total suction for each relative 
humidity value is shown in Figure 4. These results 
show the wide range of total suction which can be 
applied using this method.

The relative humidity recorded from the rela-
tive humidity calibration test at elevated tempera-
ture and constant percentage of saturated and dry 
N2 gas with respect to time is shown in Figure 5. 
The results show that increasing the temperature 
led to a clear drop in the relative humidity which 
affects the corresponding total suction applied.

Figure 2. Volume change versus temperature at confin-
ing pressures of 50, 100 and 200 kPa.

Figure 3. Relative humidity calibration with temperature.

Figure 4. Relative humidity and total suction during 
testing.

Figure 5. Relative humidity calibration at elevated tem-
perature for 50% wet and 50% dry N2 gas percentages.
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6 CONCLUSION

A new triaxial cell is introduced to measure the shear 
strength of unsaturated soils under elevated tem-
peratures and high suction magnitudes. In addition 
to details on the temperature and suction control 
systems, this paper presents the procedures used to 
calibrate the thermal deformation response of the 
cell and the suction control system using the vapor 
equilibrium technique under elevated temperature.
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Measurement of friction on piles over neutral plane in expansive soils
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ABSTRACT: Using pile foundations is a common solution to reduce the effect of expansive soils on 
foundations. Little experimental evidence exists concerning the behavior of piles installed in unsaturated 
expansive soils. The purpose of this research is to provide measurements of the skin friction and the lateral 
pressures on pile shaft and analyze their behavior during wetting. Reduce scale models in centrifuge are 
used for this purpose. Furthermore the effect of geofoam as an alternative to reduce friction is studied.

stiffness. Lee (1993) presented a load transference 
simplified approximation by mean of pile group 
in negative skin friction conditions. It depends of 
pile—soil interface stiffness, spaces between piles 
and piles number. Matyas & Santamarina (1994) 
estimated negative skin friction and neutral plane 
under an elastoplastic solution. Lee et al. (1993) 
presented tridimensional models to estimate 
negative skin friction on simple pile and groups. 
Hanna & Sharif  (2006) create a numerical model 
to analyze piles in expansive soils, under a lineal 
model. Hanna & Azizul (2009) develop a coupled 
model to pile group settlement for consolidation in 
expansive soil, furthermore adding lime and fly ash 
to accelerate consolidation. Their contribution is 
an analysis of expansive—non expansive sequence, 
in contrast with other works that analyze one only 
expansive stratum.

1.2 Review on geofoam as a material to swelling 
soil control

To purposes of present research expect EPS geo-
foam to cover shaft pile over neutral plane. Geo-
foam material is made by blocks of polystyrene 
particles placed by mean of expansion and fusion 
process. Geofoam have been used in geotechnical 
engineering in slides, backfills and tunnels, this 
material proves their utility in reducing lateral pres-
sures in walls using it in the backfill, also geofoam 
reduce filtrations and can seal cracks and can be 
used as vibration barriers (Minova Corp., 2010). 
However, this material hasn’t been used in pile 
foundation construction. Fist numerical modeling 
to use geofoam in expansive soils is developed after 
Ayketin (1997), using how a compressible inclusion 
between foundation and soil. Laboratory study of 
geofoam in expansive soils is developed where is 
showed a comparative measure of pressures with 
and without geofoam.

1 INTRODUCTION

Problems generated by expansive soils are more 
common and expensive than others like tide, earth-
quakes, landslides and hurricanes. Their effects 
are accentuated in regions with extreme climatic 
variations having high plasticity clays. Under these 
circumstances shallow foundations are affected 
by structural damages resulting for swelling and 
shrinkage. Deep foundations are good solutions to 
transmit the loads of deep layers of soil that are 
unaffected by expansion but foundations must be 
conceived to withstand negative skin friction or 
uplifting pile. The interaction between piles and 
expansive soils are not well known.

Davis & Poulos (1972) developed solutions for 
negative skin friction and swelling forces in piles. 
These models were based in elasticity and Mohr 
Coulomb criteria. Other traditional expressions 
are described by Das (2006) and others. Despite 
its numerical solutions are used for pile design in 
expansive soils, Alonso (1990) proof that expan-
sive soils shows an unsaturated behavior, so the 
methods listed above don´t describe the real behav-
ior of an expansive soil.

This paper looking for measuring friction 
forces in the active zone of piles using a centrifuge 
machine. Otherwise, expanded polystyrene EPS 
(geofoam) was used in centrifuge modeling to test 
their application as an alternative material to add 
to shaft pile to minimize the soil expansive effects.

1.1 Review of measurement of friction forces 
in expansive soils

Research about modeling of pile foundation in 
expansive soils, measurement of friction and 
neutral plane are not common. Fellenius (1988) 
showed that active zones finished in specific depths, 
depending on adjacent soil settlement and pile 
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2 CHARACTERIZATION OF EXPANSIVE 
SOIL USED IN PHYSICAL MODELING

2.1 Soil used for modeling

This research did not work a soil mixture cre-
ated in laboratory, because it presents a low 
permeability stopping a quickly swelling during 
centrifuge modeling (Segura, 2010). In contrast, 
two natural expansive clays from Barranquilla 
and Tibu, Norte de Santander (Colombia—Ven-
ezuela border) were used. Both materials were 
tested in laboratory but only Tibu´s clay was used 
in the models since it present higher expansive 
characteristics.

2.2 Geotechnical characterization 
of expansive soil

The soil was tested in laboratory carrying out basic 
tests such as classification, compaction, free and 
controlled expansion and contraction limits as 
well as consolidation, direct shear and Triaxial CU 
tests, finding strength and deformability variables. 
Resume of test are given in Table 1.

The results are complemented with suction 
measure tests. Twelve suction tests were executed 
with using chilled mirror apparatus. Water reten-
tion characteristics representing suction in pF and 
water content are showed in Figure 1. High values 
of suction are observed for values of water con-
tent smaller than the natural moisture (15%), for 
these water contents the suction suction values are 
between 1 MPa to 27 MPa; while for water content 

values higher than 15% the suction values are less 
than 1 MPa.

2.3 Tests in oedometer apparatus with measure 
of suction and moisture

Six tests were realized in an instrumented oedom-
eter apparatus. This device allows measurement 
of water content during test, in which can be 
perform compaction and anisotropic consolida-
tion, Figure 2. Test was made in charge-recharge 
five cycles, adding water to soil in last cycle to 
observe the effect of suction in tests; these results 
can be used for search parameters for constitutive 
modeling.

3 CENTRIFUGE MODELING

3.1 Model features

Models were conceived to be tested in a small cen-
trifuge, which characteristics are given in table 2. 
Prototype—model scale was 1:30. It was only 
modeled the active zone, according to the charac-
teristics given in ground for soil researched. Due to 
the difficult to measuring radial stresses in a scale 
model considering a circular section pile, a rectan-
gular model (simulating a barrette) was selected. 
Pile model was created with aluminum blocks slid-
ing on smooth fixing screws, set in acrylic base. On 
shaft pile model was attached a sandpaper to simu-
late the roughness of a pile concrete; also is added 
EPS geofoam as will be shown later.

Model has five load cells—range 500 N, to meas-
ure horizontal and vertical forces on pile model. 
Also, strain gages were calibrated to measure hori-
zontal charges as a complementary measurement 
device, Figure 3. Displacement was measured with 
LVDT, and strains were assessed using a mesh 

Table 1. Characteristics of Tibu´s clay.

Variable Value

Liquid limit (%) 60
Plastic limit (%) 21
Plasticity index (%) 40
Free expansion in a test tube (%) 110
Expansion pressure (kPa) 300
Contraction limit (%) 14
Dry density (kN/m3) 16
Optimum moisture (%) 16.09
Friction angle CU triaxial test (°) 20
Es (kPa) 810
Cc 0.264
Cs 0.068
P′0 (kPa) 21
OCR 0.5
Permeability Ky (m/s) 3E-9
Cohesion—direct shear (kPa) 25
Friction angle—direct shear (°) 17
Cohesion soil-EPS mixture (kPa) 31
Friction angle soil-EPS mixture (°) 32

Figure 1. Graph suction vs. moisture for soil tested.
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drawn in a face of model, which is obtained by 
means of photo sequence analysis. Dimensions 
of blocks and instruments are given in table 2. 
As explained in section 3.2, soil are compacted to 
achieve a maximum dry density compared with a 
proctor standard test. It requires optimum water 
content and taking into account the suction was 
lower, models were dried to reduce the moisture to 
values between 10% to 15%, where suction values 
were most high and therefore, expansive effects are 

most visible. Inundation was used as a system to 
increase water content in the model.

3.2 Model verification

Before carrying out models in centrifuge, the model 
behavior and the load cells capacity was verified at 
1 g acceleration. For this purpose, six test models 
with different characteristics were proved (com-
pacted or reconstituted and dried soils; soil placed 
in one or two faces of blocks; also one or many 
water content increases). Ideal results are given in a 
compacted and dried soil, where expansive effects 
are faster, since the cracks due to dry accelerates 
water infiltration. Figure 4 shows the evolution of 
lateral pressure during wetting during one of the 
verification tests.

3.3 Expanded Polystyrene EPS—Geofoam

Geofoam used is a commercial product for geo-
technical works. In our case it is made by a mix-
ture of two liquid chemical products: alcasylicate 
prepared with amines and diphenylmethane 
dusocianate, isomers. For research purposes was 
used a liquid commercial: its expansion factor is 

Figure 2. Graphs charge axial and radial vs. time.

Table 2. Centrifuge features.

Variable Value

Type Beam
Ratio (m) 0.56
Acceleration range (g) 10–300
Height model (mm) 120
Width model (mm) 70
Length model (mm) 140
Blocks dimensions (mm) 25.4 × 25.4 × 69.0

Figure 3. Pile model with horizontal and vertical load 
cells.
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1:10 and it appears 30 s after the mixture of two 
components.

Laboratory test were made on EPS samples 
and with the couple of EPS-soil. The strength 
in a uniaxial compression test is 64 kPa and the 
elasticity modulus is 663 kPa. The unit weight is 
1,3 kN/m3. Direct shear tests for the couple of 
expansive soil with geofoam inclusions showed 
an increase of cohesion and friction angle values 
(31 kPa and 32° respectively).

3.4 Centrifuge modeling

Once model type has been selected, centrifuge 
models were flown. Table 3 shows the centrifuge 
protocol used. Centrifuge machine and model used 
are shown in Figure 5. Fifteen models are used to 
research the expansive soil behavior under differ-
ent moisture content.

3.5 Lateral pressures

Figure 6 shows the typical behavior of the increase 
of lateral pressure during wetting. Force magnitude 
depends of degree of saturation, water content, 
suction and flow water direction. Major forces in 
models were developed with low water contents, 
ranging from 20 kPa to 200 kPa peak stress. In 
all cases, maximum stresses were reached in first 
60 days (prototype time).

Figure 7 shows the lateral pressures for two 
models with both similar conditions of soils but 
with and without Geofoam. The results show a 
reduction of lateral pressures on the pile model 
having geofoam.

Figure 4. Skin friction forces on pile model under 1 g 
acceleration.

Figure 5. a) Centrifuge machine. b) Models with expan-
sive soil and expansive soil-geofoam.

Table 3. Centrifuge protocol.

Variable Description

Drying In oven, 40 °C to reduce water 
content to the desired

Wetting During fly by water inundation 
of camera, to simulate saturation 
in a winter season

Acceleration Thirty (30) gravity
Time modeling Four hours in model, equivalent 

in time scale to five months 
or 150 days in prototype

Type models Eight (8) models with expansive soil 
only, five (5) models with sheets 
of geofoam and one (1) model 
with injection of liquid geofoam

Scale laws applied 
(model/
prototype ratio)

Time: n2, force:1/n2, stress: 1, 
length: 1/n

3.6 Skin friction

Behavior of pile model was clearly defined. On top 
pile, skin friction increased in positive magnitude, 
while at intermediate nodes, was decreased with 
time. In all tests internal nodes showed a decreasing 
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friction path, Figure 8 show these paths. EPS geo-
foam reduced the magnitude of skin friction in 
12% approximately, as been seen in Figure 7.

4 CONCLUSIONS

Skin friction stresses depends on the degree of 
saturation and suction during the summer season, 
since the higher magnitudes were achieved in tests 
with lower suction and water content.

The expansive reaction appears in first 60 days 
of winter season or saturation period, after that 
remains constant or decreases.

Evolution of stress vs. time show a well defined 
tendency: an upward-sloping straight line, which 
reaches a peak stress; after, stresses are constant 
when soil is saturated or decreasing.

For practical purposes, can be considered the peak 
stress over neutral plane as a percentage between 
12% to 15% comparing to controlled expansion 
pressure in oedometer test.

EPS geofoam restrict the lateral pressures in a 
percentage between 17% to 30%.

Figure 6. Lateral pressure stress vs. time on centrifuge 
testing.

Figure 7. Comparison of lateral pressures with 
and without EPS geofoam for two models in similar 
conditions.

Figure 8. Comparison tests with and without EPS geo-
foam for two models in similar conditions.

Figure 9. Comparison of skin friction with and with-
out EPS geofoam for two models in similar conditions 
(a) top pile (b) internal nodes.
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EPS Geofoam can reduce in 12% to 47% the 
magnitude of skin friction in piles during swelling.

Liquid injection of geofoam in construction 
of deep foundations can be considered as a new 
constructive alternative to reduce the swelling and 
shrinkage effects, both drilled and driven piles. 
Geofoam can react and move quickly on a given 
withering between soil and pile. Its quick reac-
tion counteracts the gradual emergence of expan-
sive effects of soil and fill all voids, as well as to 
increase the frictional strength in expansive clays. 
Nevertheless, high volumes and waste of geofoam 
used in research should be considered to generate 
an effective system of geofoam inclusion.
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On the use of unsaturated properties of a sandy material 
for centrifuge model preparation

W.F. Morales, J. Laue & S.M. Springman
Institute for Geotechnical Engineering, ETH Zurich, Switzerland

ABSTRACT: This contribution shows how the unsaturated properties of a uniform sandy material 
are used to create stable vertical surfaces when building dyke models for testing in a geotechnical drum 
centrifuge. The model is constructed inside a 1.0 m (length) × 0.54 m (depth) × 0.36 m (width) box with a 
semi-circular base, which must then be tilted through 90° to place the model into the channel of the cen-
trifuge drum. A construction procedure has been developed to create unsaturated conditions in the sand 
so that the suctions are large enough to ensure that the 0.5 m high vertical walls remain stable for a short 
period of time until the centrifuge test can begin. This has been backed up by 3D numerical finite element 
calculations of the performance of the model in an unsaturated state.

base of constant curvature, which must be tilted 
through 90° to place and install the model in the 
drum centrifuge.

2 MODEL PREPARATION

2.1 Material

A uniform poorly graded sand from 15 km away 
from the coast nearby Perth, Australia, with a d50 
of 0.23 mm, is used to model the dyke. The form 
of the grains is rounded as consequence of aeolian 
transportation (Buchheister, 2009).

Physical and mechanical parameters of the sand 
were determined in the laboratory and are pre-
sented in Table 1. γs is the dry unit weight. ν’ is the 
Poisson’s ratio, φ’max and φ’crit are the maximal and 
critical internal friction angles. d10, d50, d60 are par-
ticle sizes for which the 10, 50, 60% of the material 
has a smaller grain size. emin and emax are the mini-
mal and maximal void ratios achieved.

In addition, knowledge on the hydraulic param-
eters under unsaturated conditions is needed 
to model the behavior of the soil properly. This 
includes the relationship between volumetric water 
content θ and the hydraulic conductivity, as a 

1 INTRODUCTION

Centrifuge modeling is a technique in which small 
scale models are tested in an enhanced acceleration 
field. The increased acceleration subjects the model 
to the same stress level as at the prototype scale, 
providing key scaling laws are applied. Further 
information regarding this technique is presented, 
among others, by Schofield (1980) and modeling 
in a geotechnical drum centrifuge is described, for 
example, in Springman et al. (2001). Mayne et al. 
(2009) discuss ongoing challenges and solutions to 
modern centrifuge modeling.

In most centrifuge facilities, the increased grav-
ity field is parallel to the horizon (neglecting the 
1 g earth gravitational field). As this field has to be 
aligned with the depth direction of the prototype, 
the model surfaces simulating horizontal planes 
have to be vertical during the centrifuge test.

The small scale models are usually built in a 
laboratory and are then placed into the centrifuge 
facility before the test begins. This requires that 
some surfaces hold vertical and perpendicular to the 
planned test gravity for a period of time that will be 
long enough to prepare the test and start spinning 
the centrifuge. As shown by Fredlund & Rahardjo 
(1993), partially saturated, fine-grained reconstituted 
soils can hold significant suctions, which stabilize 
the ground. When these soils are fully saturated or, 
if sand is used, this task becomes more challenging.

In the following sections, it is shown how the 
unsaturated properties of a uniform sandy mate-
rial are used to create stable vertical surfaces when 
building dyke models. The model is constructed 
inside a 1.0 × 0.54 × 0.36 m box with a semi-circular 

Table 1. Physical and mechanical properties of Perth 
sand (some values from Nater, 2005; Buchheister, 2009).

γs
[kN/m3]

ν’
[-]

φ’max
[°]

φ’crit
[°]

d10
[mm]

d50
[mm]

d60
[mm]

emax
[-]

emin
[-]

26.50 0.3 37.5 30 0.17 0.23 0.25 0.85 0.53
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function of the water suction. The former is often 
referred to as the Water Retention Curve (WRC).

Figure 1 shows the curve obtained from a speci-
men of sand reconstituted to a predefined void ratio 
of 0.6 in a Fredlund apparatus, which uses the axis 
translation technique (Fredlund & Rahardjo, 1993), 
and is subjected to both drying and wetting paths. 
The void ratio of 0.6 is similar to that in the cen-
trifuge models, after finishing sample preparation. 
It is a key point, as the WRC is non-unique and is 
highly dependent on density, as demonstrated e.g. by 
(Askarinejad et al., 2010) and (Morales et al., 2011).

The main parameters deduced from the WRC are 
the Air Entry Value (AEV), defined as the value of 
matric suction at which the air enters into the soil 
and begins to desaturate the soil matrix. The Water 
Entry Value (WEV), which is the value of matric 
suction at which the water starts to displace air in 
the porous medium soil during a wetting process 
(Wang et al., 2000). θmax is defined as the volumet-
ric water content when the material is saturated, 
whereas θres is the residual volumetric water con-
tent, i.e. the amount of water that remains trapped 
in the soil even at high matric suctions. A summary 
of the values obtained is given in Table 2.

The WRC presented in Figure 1 shows a hys-
teretic response when the specimen is subjected to 
a drying path followed by a wetting process. The 
drying path is horizontal until the Air Entry Value 
(AEV) of 2.4 kPa is reached. From that point on, 
it follows a relatively steep curve until it reaches 
the θres, whereupon the wetting process begins. 
Once the Water Entry Value (WEV) of 9.5 kPa is 

reached, the material begins to saturate. The curve 
does not overlap with that obtained for the drying 
path. Instead, it shows a flatter behavior.

The hydraulic conductivity function (Fig. 2) was 
deduced from the WRC as indicated by Fredlund & 
Xing (1994).

2.2 Strongbox

The dyke model is built inside a new strongbox 
designed with the aim of modeling a dyke and 
its surroundings in realistic relative dimensions. 
This box (Fig. 3) is composed of two plates (bot-
tom and top), two lateral walls, seven connecting 
struts and a curved modular base (Fig. 4), which 
is fixed to the channel of the drum centrifuge. The 
form of the box is an annular sector of dimensions 
1.0 × 0.54 × 0.36 m.

Table 2. Hydraulic properties of Perth sand under 
unsaturated conditions, e = 0.60.

AEV
[kPa]

WEV
[kPa]

θmax
[m3/m3]

θres
[m3/m3]

2.40 9.50 0.36 0.03

Figure 1. Water retention curve for perth sand, e = 0.60.

Figure 2. Hydraulic conductivity function for Perth 
Sand, e = 0.60.

Figure 3. New semi-circular strongbox at ETH Zurich.

Figure 4. Cross section of the strongbox with dyke 
model.
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Details about functionality and design aspects 
of the strongbox can be found in Morales et al. 
(2012a; 2012b).

2.3 Construction procedure

Morales et al. (2012a) present a detailed descrip-
tion of the construction procedure of the small 
scale model. A summary of the key points is given 
here.

The box is filled completely with sand by dry 
pluviation to start preparing the model dyke and 
its subsoil. This means that the material falls freely 
under gravity from a constant height of 0.60 m, and 
a dry unit weight of 17.4 kN/m3 was achieved.

Then the sand is saturated by adding water from 
the bottom of the model through a drainage port 
in the lateral walls of the strongbox. Once the water 
table reaches the surface of the soil model, water is 
pumped out with a vacuum pressure of 3.5 kPa. 
Suction is applied until a gravimetric water content 
of 14% is reached.

The slopes are shaped next. Finally, the model is 
tilted through 90° to be placed in the drum chan-
nel (Fig. 5) using a crane, which can also cause 
unplanned vibrations and hence disturbance.

3 STABILITY CALCULATIONS

The stability of the model in the drum under 1 g 
was studied via 3D finite element analysis. This was 
carried out with TOCHNOG, an open source finite 
element method (FEM) software with emphasis on 
geotechnical calculations (Roddeman, 2003).

The boundary value problem was discretized 
with 29407 low order tetrahedra elements (TET4) 
(Fig. 6). The soil response was represented by an 
elastic-perfectly plastic material model following 
the Mohr-Coulomb failure criteria. The material 

model parameters are listed in Table 3, and 
explained in the next section.

3.1 Parameters

The bulk unit weight (γ) corresponds to the dry 
unit weight achieved (17.4 kN/m3) multiplied by 
1.14, to take water in the soil mass (w = 14%) into 
account.

The stiffness of the material in an unsaturated 
state has been determined from an oedometer 
loading test on a soil sample with a water content 
of 14%. As expected, maximum vertical total stress 
(z-direction) at the bottom of the rotated sample is 
19.8 kN/m3 × 0.5 m ≈ 10 kPa, with an expected suc-
tion of 3.65 kPa (see below), the drained Young’s 
modulus (E’) was calculated from Equation 1, 
in which E’oed is the drained oedometric stiffness 
modulus for an effective normal stress of 13.65 kPa 
(E’oed = 29.3 MPa) (cf. Table 4).

Table 3. Material properties used in the FEM calculations.

γ
[kN/m3]

ν’
[-]

φ’
[°]

ψ
[°]

E
[MPa]

c’
[kPa]

c’appa
[kPa]

19.8 0.3 30 7.5 21.83 0 1.67

Figure 5. Model installed in the drum centrifuge with 
the box shown in ‘exploded’ mode.

Figure 6. FEM mesh of the dyke boundary value problem.

Table 4. Results from the oedometer loading test.

σ’
[kPa]

E’oed
[kPa]

E‘
[kPa]

e
[-]

5.65 18370 13646 0.648
9.65 73480 54585 0.648
13.65 29392 21834 0.648
17.65 5652 4199 0.646
21.65 2939 2183 0.644
25.65 993 738 0.638
34.15 1881 1398 0.630
42.65 1420 1055 0.620
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The apparent cohesion (c′appa) was calculated as 
indicated by Sheng et al. (2011):
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(2)

τ is the shear strength of the unsaturated soil, 
φ′ is the effective angle of internal friction, c′ is 
effective cohesion, σ n is the net normal stress, S is 
matric suction. χ is a parameter originally assumed 
to be a function of the degree of saturation (Sr). 
However, Khalili & Khabbaz (1998) showed that it 
actually depends on suction and that χ is approxi-
mated as:

χ =
⎛
⎝⎜
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠

≥
⎧

⎨
⎪
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⎩
⎪
⎨⎨

⎩⎩
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S

0 55

1

.

if S AEV

if S < AEV  

(3)

The values for the AEV and S are taken from the 
drying path of the WRC. The gravimetric water con-
tent (w) of 14% corresponds to a volumetric water 
content (θ) of 0.2 m3/m3, then a suction of 3.65 kPa 
is determined as acting on the soil. Although the 
volume changed during the 1D loading test, which 
increases the volumetric water content by 1.7%, it 
was assumed negligible. From Equations 2 & 3:
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S
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0 5. 5

0 5. 52 4. 0
3 6. 5

⋅⋅

=

3 65⋅

1 67

. t65⋅ a ( )°30

.67 kPa  

(4)

3.2 Conditions for the analyses

Displacements have been restrained in the normal 
direction of the nodes in contact with the strongbox.

The initial suction value of 3.65 kPa was defined 
for each element as an initial condition, and earth’s 
gravity was applied in the z-direction.

Three analyses were carried out. A 3D static 
analysis to estimate the deformation after the sys-
tem has been tilted, hence the surfaces are vertical. 
A stability analysis of the 3D models is done using 
the c′-phi reduction method (Brinkgreve & Bakker, 
1991). It gives an indication of the global factor of 
safety of the model although this is a very rough 
method and is based on assumptions that any com-
ponents of c′ or φ′ decay at the same rate. Finally, 

a two-dimensional limit equilibrium analysis, using 
the method from Morgenstern & Price (1965) of 
the central section was carried out.

3.3 Results

Figure 7a is a shaded plot of total displacements 
after the small scale model is tilted. A maximum 
displacement of 0.15 mm is expected in the top part 
of the model. The cross section in Figure 7b shows 
a deformed shape (scaled up 400 times) and the dis-
tribution of the displacement inside the soil. The 
surface does not remain perfectly vertical, as some 
lateral deformations are expected. However, they are 
assumed not to be large enough to affect the behav-
ior of the model during the centrifuge testing.

The estimated factor of safety for stability of the 
model with the c-phi reduction procedure is 1.56 and 
the Morgenstern-Price method gives a value of 3.0. 
Both failure mechanisms are illustrated in Figure 8. 
A triangular wedge is obtained for the limit equi-
librium analysis, which had been observed already 
in previous tests on very loose models (Laue et al., 
2005). It contrasts with the displacements obtained 
with the c-phi reduction method (Fig. 8b). The dif-
ference in the failure mechanisms explains the vari-
ation in the estimated factors of safety.

Figure 9 presents a soil model after it had been 
built and tilted through 90°. No clear deformations 

Figure 7. Total displacements after the model is tilted at 
1 g (deformed shape scaled up 400 times).
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are visible in the soil mass, indicating that the 
unsaturated material is appropriate in this state for 
building the small scale model.

4 INSTALLATION ISSUES

Notwithstanding the expected response of the 
model, a gap of approximately 0.5 mm typically 
develops while installing the model inside the drum 
centrifuge (Fig. Figure 10). This deformation is 
generally caused by vibrations when sliding the 
box containing the model into the drum channel.

When the test is running and the acceleration in 
the model is increased, the soil deforms and an active 
shear wedge is developed (cf. Fig. 10). This does 
not affect the stability of the model, but it leaves 
a loose zone behind it. Water then flows through 
that zone during the flooding phase, exceeding the 
supply and foiling the plans for overflow.

Two measures were adopted to prevent this. 
Firstly, a PTFE (generic term for Teflon®) film is 
stuck to the top face of the bottom annular ring 

of the drum channel, as well as to the external 
lower face of the bottom of the strongbox. 
A Teflon-Teflon contact has an approximate 
coefficient of friction of 0.04, reducing the force 
required to push the strongbox into the drum.

A thin layer of a soil composed of a mix of 
the sand with an expansive material (bentonite 
MX-80) is placed at the upper part of the model 
separated from the model by a 1 mm thick PVC 
plate (cf. Fig. 9). This material does not prevent 
the gap from forming, but once it makes contact 
with water, the volumetric expansion of the mate-
rial closes the gap. Further details about swell-
ing potential of this bentonite can be found in 
Montes-H et al. (2003).

A swelling test was conducted to determine the 
expansion potential of different mixes of sand and 
bentonite. A cylindrical sample (100 mm diam-
eter × 85 mm height) was connected to a water 
supply at the base in order to saturate the speci-
men from the bottom. A cap was placed on top 
of the specimen. The deformations of the sample 
were measured from the displacement of the cap 
(Figure 11).

Figure 12 shows the results from the swelling test. 
The content of bentonite changes the permeability of 

Figure 8. Failure mechanisms for both types of stabil-
ity calculation.

Figure 9. Dyke model after pluviation, partial satura-
tion and tilting through 90°, all at 1 g.

Figure 10. (left) Gap on top of the tilted sand model 
after installation inside the drum centrifuge; (right) active 
wedge that develops after increasing the g-level.

Figure 11. Setup for swelling test on a 100 mm diameter 
specimen of 85 mm height.
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the material, as well as the time required for satura-
tion of the sample, which is given beside each curve.

The mix of 97% sand and 3% bentonite was 
chosen over the other mixes, as it gives a volumet-
ric expansion potential of 10% within 1 hour after 
the mixture is in contact with water.

5 DISCUSSION

This contribution shows how the unsaturated 
properties of a uniform sand might be used suc-
cessfully in the creation of a small scale model at 
1 g, for subsequent testing in a centrifuge facility 
at ng. This requires some vertical surfaces, 0.5 m 
high, to remain stable during a period of time of 
3 hours between the model preparation and the 
beginning of the test.

The numerical simulation estimates very small 
deformations in the upper part of the model, which 
can still affect the model behavior. However, vibra-
tions occurring while placing the model inside the 
centrifuge lead to a small gap forming above the 
sand model at the interface with the upper drum 
annulus. This issue is faced by using a thin layer 
with a mix of the sand and bentonite. As water 
is absorbed, the bentonite expands, and the gap 
closes itself.
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Application of electrical resistivity for the control of water content 
and density in loess

V. Rinaldi
National University of Córdoba, Argentina

ABSTRACT: Argentinean loess is a typical collapsible soil which strength and stiffness are mainly 
governed by water content and unit weight. Electrical resistivity of soils depends fundamentally from 
water content, porosity, and salt concentration in the pore fluid. The interest of this work is to discuss 
the applicability of electrical resistivity survey to predict variations in density and water content in loess. 
Samples of loess were prepared in laboratory at varied densities and water contents. The results show 
that loess resistivity depends mainly on water content and that soil density has little influence. Mapping 
water content distribution by means of resistivity measurements is possible if  salt concentration in pore 
fluid is known in advance and assumed uniformly distributed in the whole soil mass. A real scale work 
is described here for which resistivity mapping was used successfully to evaluate distribution of water 
content in loess formation.

four-electrode configuration is adopted (see for 
example ASTM G57). On the other hand, to the 
experience of the authors, measurement of conduc-
tivity is fast and little data processing is required in 
order to obtain accurate and repeatable results.

The purpose of this work is to present a funda-
mental study to discuss the applicability of electri-
cal resistivity to predict water content and density 
of loess soil. Thus, various samples were prepared 
in the laboratory at different densities and water 
contents. Electrical conductivity was measured for 
each sample by using a two electrode device. The 
relationship between the electrical conductivity, 
soil density and water content is described in terms 
of the well known Archie´s law. An example of in-
situ control by mean of conductivity measurement 
is presented.

2 BACKGROUND

The influence of the different parameters in the 
electrical conductivity of compacted specimens of 
loess was discussed elsewhere (Rinaldi & Cuestas, 
2001). The most relevant are: frequency of meas-
urement, electrolyte type and concentration (c), 
initial salt concentration in the soil, dry unit weight 
(γd), degree of saturation (S), and temperature 
(T). At a constant temperature and frequencies 
of measurement, these authors showed that the 
influence of the different variables in the electrical 
conductivity of the soil can be take in considera-
tion by using the well known Archie´s expression 

1 INTRODUCTION

The Argentinean loess is of eolian origin and can 
be classified in the unstable group of soils as col-
lapsible (Aitchinson, 1973).The most relevant prop-
erties Argentinean deposit has been extensively 
described by Moll & Rocca (1991), and Rinaldi 
et al. (2007). Most loess deposits were naturally 
deposited by wind (primary loess) while others 
were removed and re-deposited by water (second-
ary loess). Additionally, is of common practice to 
improve the behavior of loess by means of static 
and dynamic compaction. In any case, natural 
water content and final density mainly governs 
shear strength, permeability and compressibility 
of the soil.

McCarter (1984), Kalinski & Kelly (1994), 
Knight, (1991), Abu-Hassanein et al. (1996) 
Zhou et al. (1997), and Rinaldi & Cuestas (2001) 
discussed the potential application of  electrical 
conductivity (or its inverse value, the resistivity) 
to evaluate soil compaction. In general, electrical 
conduction in soils depends mainly on tempera-
ture and frequency of  measurement, electrolyte 
type and concentration in the porous, water con-
tent and density. Minor influence can be attrib-
uted to soil structure and saturation history of 
the soil.

The possibility of monitoring soil density by 
means of an electrical methods is advantageous 
since the control in the field can be performed 
from the surface to any depth just working with 
different separation of electrodes when any of the 
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(Archie, 1942) which for saturated conditions can 
be expressed as:

F a n m−
 (1)

where F is the formation factor defined from the 
slope of the σe vs. σs curves as:

F e

s
=

σ
σ s  

(2)

Being σe and σs the electrical conductivity of the 
pore fluid and the saturated soil respectively, n is 
the porosity, a is the tortuosity factor, and m is the 
cementation factor. The value 1/F is also known as 
the resistivity index (RI).

For the unsaturated condition equation (1) can 
be extended as follows:

F F SsFF p−
 (3)

where S is the degree of saturation and p is the sat-
uration exponent. Then, by replacing (1) in (3):

F a n SsFF m pSS  (4)

The values of a, m and n are normally deter-
mined from experiments for a given soil. Notice 
that for saturated samples S = 1, and n = θv and 
equations (4) reduce to equation (1), which was 
empirically obtained by Archie for some saturated 
rocks and then extensively validated in practice for 
a variety of porous formations. Equations (1) and 
(4) assume that in the porous media the particles 
and the air are non conductive phases and conduc-
tion takes place only through the fluid (Glover, 
2010).

In terms of the volumetric water content (θv), 
equation (4) can be rewritten as:

F a nsFF v
p−pp( )p mm θvθ  (5)

Thus, for soils in the saturated condition, the 
measured conductivity of the soil mass becomes:

σ σ
sσ e m

a
n=

 
(6)

Equation (7) shows that electrical conductivity 
for saturated soils is mainly dependent on porosity 
or the volumetric water content (since n = θv) and 
salt concentration of the pore fluid which governs 
the value of σe. The values of σe and a are difficult 

to be obtained in practice specially in fine grained 
soils.

Therefore, for a given soil in saturated condi-
tions for which salt concentration in the pore fluid 
is approximately the same along the whole soil 
mass (σe = constant), there is always possible to 
find a correlation between the measured bulk con-
ductivity and the porosity as follows:

σ αsσσ mnm ( )saturated soil  (7)

or alternatively,

σ α θs vσ ασ θθ m ( )saturated soil  (8)

where α is a curve fitting parameter.
For unsaturated soils, the bulk electrical con-

ductivity of the soil can be obtained from equation 
(5) as:

σ σ θsσ e
vθθ p

a
n= ( )m p

 
(9)

In a similar approach developed for the satu-
rated conditions, it is always possible to find a 
more general expression for a given soils assuming 
that σe is constant everywhere in the soil mass of 
the type:

σ α θsσσ vθθ pn( )m p
 (10)

Equation (10) is a more general expression for 
soils at any compaction density and water content 
condition. It can be seen that for saturated soils 
(n = θv) and equation (10) reduces to equation (8).

Notice that in equations (6) to (10) soil dry den-
sity is included in n and also in θv since:

θ γ
γvθθ dγ

w
w=

 
(11)

where (γd) is the dry unit weight of the soil, (γw) is 
the unit weight of water and (w) is the gravimetric 
moisture content.

Equations (10) and (11) are the basic relation-
ship to determine water content and density from 
the measured soil resistivity of the soil. From these 
equations it becomes clear that soil conductivity 
depends on soil density and water content (w). In 
saturated soils, conductivity is directly related to 
volumetric water content. The parameters a and m 
depend mainly on mineral composition, grain size 
distribution and fabric. The exponent p for a given 
soil is slightly dependent on soil density.
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3 TESTING PROGRAM

The soil tested here is the typical loess obtained 
from the campus of the Universidad Nacional de 
Córdoba which can be classified in USCS as ML. 
In natural state the dry density is γd = 13.5 kN/m3, 
liquid limit LL = 31, and plasticity index PI = 26.

The electrical conductivity of the soil samples 
was measured in the two-electrode cell. Basically 
the cell consists on a cylindrical glass tube (33.4 mm 
internal diameter) and two circular electrodes of 
the same diameter located at both ends of the 
tube. Electrodes were made of cooper and coated 
with nickel. The measurements of conductivity 
were performed by means of a Stanford Research 
impedance analyzer SR715 at the frequency of 
10 kHz. Specific details of the testing cell used 
here and its calibration procedure are described in 
Rinaldi & Cuestas (2001).

The natural samples of loess were air-dried, 
sieved through sieve No 40 and then oven dried 
at 105 ºC. The dried soil was then mixed with the 
different volumes of NaCl electrolyte prepared at 
concentrations between 0,5% and 2% by weight. 
The prepared soil specimens were then compacted 
to the desired density in the glass tube of the cell.

4 ARCHIE´S LAW FOR LOESS

Figure 1 display the variation of the formation fac-
tor obtained for a sample of loess saturated with 
NaCl solutions and compacted at various densities. 
The exponent of the correlation was m = 2.6 and 
the factor a = 0.5. The range of porosities included 
in Figure 1 range between 0.37 and 0.50 which are 
the maximum and minimum densities that may be 
observed in the field. The agreement of equation 
(1) is acceptable in the rage of densities tested. The 
values of the constants a and the exponent m may 

be different even for the same soil at other compac-
tion densities.

Figure 2 shows the variation of the formation 
factor for samples prepared at various water con-
tent and concentrations of NaCl. Equation (5) was 
evaluated for porosities n = 0.3 and n = 0.5 and 
plotted in the same figure. The constant param-
eters were fixed as a = 0.5, m = 2.6 and p = 2.4. 
The variation of the exponent p is presented on 
Figure 3 for samples prepared at different densi-
ties and mixed with different concentrations of 
NaCl. Therefore, equation (5) can be written for 
the present results as:

σ
σ

θsσ

e
vθθ

a
n= −1 6 2 2 4( .2 . )4 .

 
(12)

From Figure 2 it can be observed that for the 
model porosity has negligible effect on the for-
mation factor and that water content is the main 
parameter that governs conduction trough the soil. 

Figure 1. Formation factor of loess saturated with 
NaCl solutions at concentrations between 0.5% and 2% 
as a function of porosity (n).

Figure 2. Formation factor of loess samples prepared 
with NaCl solutions at concentrations between 0.5% and 
2% as a function of volumetric water content (θv).

Figure 3. Variation of the exponent p for samples of 
loess of loess prepared at various porosities and mixed 
with NaCl solutions at concentrations between 0.5% 
and 2%.

CAICEDO.indb   167CAICEDO.indb   167 12/27/2012   4:58:45 PM12/27/2012   4:58:45 PM



168

This result can be explained from the close values 
obtained for the exponent p and m. The physi-
cal meaning of this result can be further clarified 
from the phase diagram for the soil displayed on 
Figure 4. Three conduction paths can be identi-
fied through the soil in the unsaturated condition: 
solid particles (σp), fluid (σe) and air (σa). Thus, the 
total conduction can be expressed in a simplified 
approach as:

σ σ σ θ σs pσ σσ v aσ v eθ σθσ pσ + +( ) ( )θvθθn −n
 (13)

The second term of equation (12) vanishes since 
conductivity of the air is close to zero. Addition-
ally, the first term also has a negligible influence 
for soils which particles can be considered as non-
conductive. Then, the total conduction depends 
mainly from the volumetric water content of the 
soil. Notice from Figure 4 that for any variation 
in the fraction volume of solids and air (which 
changes soil density), conductivity through the 
fluid will remain practically unchanged.

The volumetric water content depends also 
from the soil unit weight (γd) according to equation 
(11) however, this parameter has not significant 
variation from the loosest to densest condition 
for most soils. For example in loess density usu-
ally ranges from 13,5 kN/m3 to 16,5 kN/m3 when 
heavily compacted which represent an increment 
of  20%. Conversely, water content (w) may vary 
from 2% in the air dry condition to almost 40% 
in the saturated condition which represent an 
increment of  2000%. Then for practical purposes 
and for loess, equation (12) can be simplified to: 
(5) as:

σ
σ

χ θsσ

e
vθθ p=

 
(14)

That for the soil tested here yield:

σ
σ

θsσ

e
vθθ= 2 14 2 6. .

 
(15)

In order to obtain the soil conductivity from 
equation (14) it is required to know in advance the 
conductivity of the pore fluid (σe). This parameter 
is normally unknown, however it is clear that for 
a given soil formation, the concentration of salt 
in the pore fluid can be assumed homogeneously 
distributed in the whole mass (due to ion diffu-
sion) and thus the value of σe can be considered 
the same everywhere.

5 FIELD EVALUATION

Figure 5 displays the variation of electrical resistivity 
obtained in an area of 60 m × 150 m located at the 
south of the city of Córdoba. The thickness of loess 
formation at the site is larger than 60 m. Measure-
ments were performed by using the four electrode 
configuration equally spaced 5 m apart. Separations 
of electrodes were kept constant and measurements 
of resistivity were performed at different points in 
the surface of the soil following a square grid of 
20 m. The measured resistivity was estimated to cor-
respond to an average thickness of 2.5 m.

Figure 4. Phase diagram of soil and simplified conduc-
tion paths assumed.

Figure 5. Resistivity variation obtained in an area of 
60 m × 150 m of loess formation. Numbers on the figure 
display resistivity values in Ohm-m. White dots indicate 
the position of control points.
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The range of resistivities values obtained in this 
test collapse in a narrow band between 22 Ohm-m 
and 43 Ohm-m, however, data are consistent. 
According to equation (14) the mapped resistivity 
is directly related to soil water content. In order to 
determine the relationship between the resistivity 
values and water content, the following procedure 
was used here:

a) Three field points of control were selected and 
from each point were determined moisture con-
tent (w %) and soil density (γd). Figure 5 shows 
the location of each point.

b) Volumetric water content (θv) was determined 
for the three control points from equation (11).

c) For convenience, equation (14) was rewritten in 
terms of resistivity as:

ρ ρ θsρ eρ
vθθ= −

2 14
2 6

.
.

 
(16)

d) From equation (15) the value of ρe was deter-
mined for the three control points since the val-
ues of θv and ρe are known.

e) Assuming constant density (γd) and fluid resistiv-
ity (ρe) everywhere, equation (15) is then the field 
curve that can be used to determine water content 
for any other point where resistivity is known.

Equation (15) is plotted on Figure 6 as a func-
tion of water content. The three control points are 
also shown on the same figure.

The study presented here assumes the validity 
of equation (14) obtained for loess formation. For 
any other formation, it is recommended to obtain 
in the laboratory a calibration of the model, or to 
increase the number of control points and to deter-
mine a field curve from these points.

6 CONCLUSIONS

The main conclusion of this work can be summa-
rized as follows:

a) Resistivity or electrical conductivity of loess has 
a significant dependence on water content and 
is little influenced by density.

b) Archie´s equation can be used to model the depend-
ence of electrical resistivty from water content for 
loess in saturated and unsaturated condition.

c) The main dependence of soil resistivity from 
water content was explained here by means of 
a simple physical model.

d) A field procedure was described here which 
allows mapping the distribution of water con-
tent from electrical resistivity measurements. 
The procedure assumes little variation in the 
conductivity of the soil mass under test.

e) Further studies are required to evaluate the 
influence of fine contents and to what extends 
can be applied Archie´s model.
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A method for making a homogeneous specimen of unsaturated clay 
using micro-wave
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ABSTRACT: Many laboratory tests related to unsaturated clay were usually made by compacted stati-
cally or dynamically. However, the methods for making were not explained in detail. We suggest distribu-
tion of water contents of a compacted clay sample is not uniform. A new method for making a specimen 
of unsaturated clay by using micro wave is proposed. The variations of water contents and dry densities 
within the specimens using micro wave method are compared quantitatively to those using dynamically 
compacted method. As a result, a distribution of water contents by micro wave was more homogeneous 
than that of compacted method. Finally, unconfined compression test is performed using the specimens 
made by the both methods. The strength of specimen made by micro wave was a little higher than that of 
compacted specimen, and amount of strain until failure of micro wave was larger than that of compacted 
method.

commonly used in suction-controlled oedometer 
and triaxial compression tests. If  a compacted 
specimen is used by the method, it takes a long 
time to balance to the fixed suction state within a 
specimen. Applying suction to a saturated speci-
men may keep homogeneous; it also takes a long 
time to balance to the fixed suction state within a 
specimen. They used Tensiometer method, vapor 
pressure method, psychrometer method and cen-
trifugal method etc. except for pressure plate 
method to measure wide range matric suction in 
the many past investigations of water retention 
curve. Most of specimens are also compacted, 
therefore, cannot be homogeneity of specimen 
and rapidness of measurement which a specimen 
balances the fixed suction state. Suzuki & Okano 
(2011) investigated the simplified water retention 
curve which made by micro wave for unsaturated 
clay and then an amount of drying is in proportion 
to elapsed time. In this study, a method for making 
a specimen of unsaturated clay using micro wave 
is proposed and it will be able to prepare a rapid-
ness and homogeneity to need to an initial state 
of specimen for water retention curve test, suction-
controlled oedometer and unconfined compression 
tests. Firstly, a method for making a homogeneous 
and rapidness specimen of unsaturated clay using 
micro wave is proposed, and water contents and 
dry densities of the inner part of specimens com-
pacted by a rammer to use unconfined compres-
sion and oedometer tests is compared with those 
of by micro wave. Next, unconfined compression 
test was performed.

1 INTRODUCTION

Generally, it is very difficult to make a specimen 
with an initial degree of saturation exactly con-
trolled by a method for making specimen of 
unsaturated clay. Most of the specimens in labo-
ratory tests are made by compacted dynamically 
or statistically method, but concrete methods for 
making a specimen were not explained in detail 
on many past papers. Moreover, they are not 
always guaranteed that the water contents and 
the dry densities in the parts of specimen become 
uniformity. Although it is sometimes tried that the 
specimen is approached to the fixed suction state 
by suction-controlled apparatuses from the initial 
state, it is indispensable for the long time apply-
ing suction to a specimen to balance state. On the 
other hand, if  homogeneity is secured, consider the 
method that apply the fixed suction to a saturated 
specimen formed from a clay sample which was 
pre-consolidated at a slurry state, however, it takes 
a long time to balance up the fixed suction in this 
case. For example, the researches of water retention 
curve, Romero & Vaunat (2000), Karube & Kawai 
(2001), Gallipoli (2003), Tarantino & Tombolate 
(2005). A. Tarantino (2010) etc., the developments 
of elasto-plastic behavior of unsaturated soils, 
V. Sivakumar et al. (2010a, b), and experimental 
studies of effective stress of unsaturated soils, 
Alonso et al. (2010), Alonso E. E. & Romero E. 
(2011) use compacted specimen. The axis transla-
tion technique, namely a method for controlling 
suction by applying air pressure to a specimen is 
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2 PHYSICAL PROPERTIES 
OF SHIGARAKI CLAY

A sample used in this study is Shigaraki clay. 
Table 1 and Fig. 1 show physical properties and 
grain size accumulation respectively, therefore, it is 
classified as clay (CL) according to Japanese soil 
classification standard.

3 METHOD FOR MAKING SPECIMEN 
USING MICRO WAVE

A pre-consolidated saturated clay samples are 
made by loading 80 kPa considering to format eas-
ily specimens. A heating method by micro wave is 
the followings. Saturated specimens of oedometer 
and unconfined compression tests are formatted 
from the samples The specimens are entered into 
a microwave controlling the heated times (30 sec, 
1 min, 2 min), and then are radiated by taking out it 
to measure a temperature and mass of drying spec-
imen. Radiation times are double times of heating 
time namely, they are 1 min, 2 min, 4 min, respec-
tively. These works for measuring temperature and 
mass must be done rapidly to become constant 
heated time. The microwave used in this experi-
mental works is the frequency (2450 MHz) and the 
outputs (100–750 W). It is necessary to dry very 
slowly to make a homogeneous specimen avoiding a 
volumetric changes caused by rapid drying. There-
fore, the output of this microwave is set up 100 W 
which is the lowest output and is adopted a usage 
avoiding volumetric change mentioned above. The 

optimum heated time is determined in the case of 
unconfined compression specimen (diameter 5 cm, 
height 10 cm). Fig. 2 (a), (b), (c) show temperatures 
after heating 30 sec, 1 min, 2 min, respectively, and 
the inner part of specimen is not so high tempera-
ture (30 ~ 50 °C), the temperatures are including 
after evaporation are shown in this figure. The 
temperatures are measured by taking out speci-
mens from micro-wave after heating and evaporat-
ing and by inserting sensor in a part of specimens. 
These temperatures the inner parts of specimens 
are adequate to use tensiometer which can be used 
below 45 °C.

Fig. 3 shows elapsed time after heating and 
degree of saturation relations. The heated times are 
30 sec, 1 min, 2 min and corresponding to radiated 
times are 1 min, 2 min, 4 min. As shown in this 
figure, the both curves of the heated times of 1 min 
and 2 min are almost same, but the curve of 30 sec 
heated time is very different from others caused by 

Table 1. Physical property of Shigaraki clay.

Density of soil particle Gs(g/cm3) 2.61

Liquid limit wL (%) 43.9

Plastic limit wP (%) 18.3

Plasticity index I P(%) 25.6

Figure 1. Grain size accumulation curve of Shigaraki 
clay.

Figure 2. The temperatures of the specimens in heating 
and evaporating (Unconfined compression test specimen 
diameter 5.0 cm height 10.0 cm).
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low initial degree of saturation. As a heating of 
micro wave can be uniformly evaporated moisture 
of a specimen, the heated times (1 min and 2 min) 
suit in order to reappear the curves. Moreover, 
the heated time is determined to 2 min consider-
ing not only reappear ability but also workability, 
The heated time is the summation of intermitted 
heated times but not successive heated times used 
in the below.

4 COMPARISON SIMPLIFIED AND 
MEASURED VALUES AT HEATED 
TIME AND DEGREE OF SATURATION 
RELATION

A simplified curve is defined by no volume change 
of a specimen after heated, namely it means a 
curve assuming that wet density is constant after 
heated. Therefore, the degree of saturation linearly 
decrees with increment of heated time of the sim-
plified curve. On the other hand, a measured curve 
a volume of specimen after heated is measured by 
calipers method. In generally, to obtain a simplify 
curve is easy and high reappearance, however, an 
accuracy of these curves is not known. Therefore, 
the experimental works of the tow specimens of 
unconfined compression test (diameter 3.5 cm, 
height 7 cm and diameter 5.0 cm, height 10 cm) are 
performed in order to examine the accuracy.

Fig. 4 (a) shows the comparisons in the case of 
a specimen of diameter 3.5 cm. When a specimen 
is begun to heat, it has a high degree of saturation, 
therefore, the simplified values are rather differ-
ent from the measured values, but they approach 
to them by repeating intermitted heating tests. 
Moreover, when degree of saturation is about 
70%, the simplified values are exactly same with 
the measured values. The simplified curve can be 
used to make a specimen of low degree of satura-
tion. Fig. 4 (b) shows the comparisons in the case 
of diameter 5.0 cm. From this figure, the simplified 
values and the measured values relation is almost 

Figure 3. Determination of optimum a method for 
heating and evaporating (Specimens are same shape with 
Fig.2).

Figure 4. Comparison simplified degree of saturation 
with measured degree of saturation.

same as well as Fig. (a). Fig. 4 (c) shows the same 
results of oedometer specimen using the method 
mentioned above. As shown this figure, when a 
measured degree of saturation is approaching to 
70% degree of saturation, a simplified degree of 
saturation is also almost same value, even if  oed-
ometer test specimen is. If  oedometer test specimen 
with low degree of saturation is made, a specimen 
can be made by the simplified calculated curve. 
Therefore, degree of saturation using below this 
chapter is defined by the simplified curve method. 
Comparing simplified degree of saturation with 
that of measured, the more heating summation by 
micro wave, namely the lower degree of saturation, 
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the deference of them is smaller. It is recognized 
that a specimen by micro wave is evaporated uni-
formly with a little shrinkage of volume against the 
expectation at first.

5 HOMOGENEITY OF A SPECIMEN 
OF UNSATURATED CLAY

Fig. 5 shows the relation that the water content is 
19% corresponding to degree of saturation 80%. 
This is that the compacted specimen 80% should be 
made by seven times compactions using 19% mois-
ture powder clay at the compacted energy which is 
equal to 550 kJ/m3. The variation of degree of sat-
uration of each compacted specimen is examined 
on the condition that a specimen is made by same 
compacted method and same water content.

As shown Fig. 6, the measured values vary 
widely even if  the same compacted method is used. 
Therefore, it is difficult to make a specimen with 
the controlled initial degree of saturation of com-
pacted specimen. Owing to investigate homogene-
ity of oedometer specimen, Fig. 7 shows a method 
for dividing into three pieces in the horizontal 
direction and nine pieces in the vertical direction 
in order to make its squares. Therefore, specimen is 
divided totally into twenty seven pieces. It is impor-
tant that a wet mass is measured rapidly not to dry. 
Fig. 8 shows the results of Distribution of water 

contents of compacted unconfined compression 
test specimen. On the other hand, Fig. 9 exam-
ines homogeneity of oedometer specimen made 
by micro wave. As shown these figures, the data of 
Fig. 8 is more various than that of Fig. 9. Since 
the deference of both figures cannot be clearly 
understood, coefficient of variation is used to 
evaluate quantitatively the variation of water con-
tents. Comparing coefficient of variation of water 
contents of specimen made by micro wave with 
that of compacted specimen, the value (0.095) by 
micro wave becomes half  of the value (0.175) by 
compacted method. It is clearly verified that speci-
men of micro wave is more homogeneous than that 
of compacted method at the inner part of speci-
men. The reason why water contents of compacted 
specimen are widely varied is to occur inhomoge-
neity of water contents for mixing imperfectly the 
powder clay and water and to be used different 
diameter of the rammer and the mould. Since the 
homogeneity of specimen in horizontal direction is 
verified mentioned above, next is examined in ver-
tical direction using unconfined compression test 
specimen dividing into five pieces as shown Fig. 10. 

Figure 5. Change of degree of saturation for water 
content.

Figure 9. Distribution of water contents of oedometer 
test micro wave specimen.

Figure 6. Accuracy of reproduction for degree of satu-
ration obtained from compacted specimens.

Fig 7. A method for dividing oedometer test specimen 
to investigate the distribution of water contents.

Figure 8. Distribution of water contents of compacted 
oedometer test specimen.
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The distribution of water contents by micro wave 
and compacted method are vertically almost same, 
as shown in Figs. 11 and 12, This is because each 
layer is given the same compaction energy to be 
same the diameters of rammer and mould used in 
the tests. Fig. 13 shows the variation of the densi-
ties of five pieces of compacted specimen to use 
unconfined compression test. Fig. 14 shows the 
distribution of dry densities of pieces by micro 
wave. As a result, micro wave specimen is more 
homogeneous dry densities than that of compact 
method. The dry density of compacted specimen 
becomes higher in order to many compacting times 
into the bottom direction.

Figure 10. A method for dividing specimens of uncon-
fined compression tests to investigate the distributions of 
water contents and dry densities.

Figure 11. Distribution of water contents of compacted 
unconfined compression test specimen.

Figure 12. Distribution of water contents unconfined 
compression test specimen by micro wave.

Figure 14. Distribution of dry densities of unconfined 
compression test specimen made by micro wave.

Figure 13. Distribution of dry densities compacted 
unconfined compression test specimen.

6 UNCONFINED COMPRESSION 
TEST USING MICRO WAVE AND 
COMPACTED SPECIMENS

The method for making a specimen using micro 
wave is better to make a homogeneous one compar-
ing with compacted method. The stress-strain rela-
tion and strength of unconfined compression test 
of proposed micro wave method are compared to 
those of compacted method. The both specimens 
were made by mentioned above, and target degree 
of saturation is 80%. The sizes of them are diam-
eter 5 cm height 10 cm. Fig. 15 shows the stress 
and strain relation. The strength by compacted 
method is a little larger than that of micro wave. As 
shown in Fig. 13, the reason is that the dry densi-
ties of compacted specimen are a little smaller and 
very various. The both stress-strain relations are 
very different, namely the peak strength of micro 
wave specimen appears at high strain level, on the 
other hand, that of compacted specimen appears 
at small strain level. It means micro wave speci-
men can be formed homogeneous suction among 
soil particles. From the observation of the shape 
of failure in Fig. 16, the specimen by micro wave 
appears a clear failure plane at final failure state, 
on the other hand, the compacted specimen is eas-
ily collapsed at the bottom. Therefore, micro wave 
method is better than compacted method.
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other hand, the distribution of water contents of 
compacted oedometer test specimen was 15%-24% 
to vary widely, however it of unconfined compres-
sion test specimen was uniformly 17%-18%. There-
fore, it was difficult for the compacted method to 
make a specimen with a target degree of saturation. 
In micro wave specimen, if  the rule of the method 
for heating time is obeyed, a specimen with target 
degree of saturation can be made easily, namely the 
method for making a specimen using micro wave is 
better than the compacted method.

Unconfined compression tests were performed 
using the both specimens. The strength of the 
micro wave specimen was a little high than that of 
compacted specimen. Observing the shapes of fail-
ure, the micro wave specimen were formed the fail-
ure plane at the specimen, on the other hand, the 
compacted specimen easily failed at the bottom. 
Therefore, it was made clear that a method for 
making a specimen of unsaturated clay gave the 
effects of mechanical properties.
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Figure 15. Comparison of stress-strain relations of 
compacted specimen with that of micro wave specimen 
on unconfined compression tests.

Figure 16. Failure shapes of compacted and micro 
wave specimens.

7 CONCLUSIONS

This study was to compare micro wave method 
with compacted method on a method for making a 
specimen of unsaturated clay. As a result, the fol-
lowing conclusions were obtained.

The method of optimum heated time which is 
heated time 2 min and radiated time 4 min was 
determined to obtain an optional target degree of 
saturation.

The usefulness of the method for making a 
specimen of unsaturated clay was examined by the 
homogeneity of distribution of water contents and 
dry densities of oedometer and unconfined com-
pression tests specimens. The distribution of water 
contents of oedometer test specimen was 23%-27% 
and that of unconfined compression test specimen 
was 23%-24%, therefore, they were indicated the 
high homogeneity. A little deference of water con-
tent between micro wave and compacted specimens 
was dependent on pre-consolidated clay sample, if  
a specimen was made by micro wave, it made clear 
that both specimens became homogeneous. On the 
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ABSTRACT: The relevancy of the oedometer test used for the prediction of wetting-induced defor-
mations in embankments is examined. Single-and double oedometer tests are carried out. A compari-
son between laboratory tests and geotechnical centrifuge modelling at 100 × g conducted to examine an 
inundated embankment made of a sand-clay mixture is made. A 20-cm high embankment model is built 
and instrumented. The material is compacted on the “dry side” of the optimum Proctor curve at a low 
compaction rate in order to emphasize settlement phenomena. The inundation simulation is conducted in 
two successive sequences during centrifuge flight up to a water table of five centimetres. The results prove 
that the prediction of the dry density after settlement due to inundation is good.

– The intrinsic properties of the soil, such as 
critical clay content (Rollins et al., 1993) or 
plasticity index (Lim and Miller, 2004), which 
depends on the non clayey fraction of the soil. 
This critical clay content ranges between 10 to 
40% (El Sohby & Rabbaa, 1984), depending on 
the vertical stress and probably on the grain size 
distribution of the non clayey fraction (Basma 
et al. 1992);

– The stress anisotropy during the inundation;
– The water content increase (or the suction 

decrease). The settlement increases non-linearly 
with the suction decrease (El-Ehwany & Houston, 
1990; Pereira & Fredlund, 2000).

Regarding soil physical properties, the dry 
density after compaction is the main parameter 
affecting wetting-induced deformations under 
vertical stress (Lawton et al., 1992; Rao et al., 
2000; Estabragh et al., 2004; Ferber et al., 2008). 
Moreover, the long-proposed experimental meth-
ods for the prediction of wetting-induced defor-
mations, like the single or double oedometer tests 
(Jennings & Knights, 1957), though remaining 
pertinent (Basma et al., 1992), need to be compared 
with observations like physical models. Physical 
modelling has been used to study the collapse of 
embankments (Miller et al., 2001) without focus-
ing on the relationships between initial dry density 
and settlements.

1 INTRODUCTION

The use of dry soil materials for the construction 
of roadway and railway embankments is limited to 
small heights, which, however, must plainly comply 
with compaction requirements (LCPC, 2003). The 
compaction of dry soils is energy consuming and 
does not prevent settlement from happening in case 
of soaking. The literature reveals that the compac-
tion rate is one main parameter affecting long-term 
deformations of embankment bases (Lawton et al., 
1992; Auriol et al., 2000). This problem is crucial 
for countries combining naturally dry soils and 
notable flood hazard, where highways programmes 
involving the construction of high embankments 
are developed. Therefore, we need to improve our 
understanding of dry compacted soil behaviour, 
in order to optimize embankment compaction for 
better stability regarding settlement risks.

Frequently, the wetting-induced behaviour of 
compacted soils results in “collapsing”. Settlement 
mechanisms depend on (Lawton et al., 1992):

– The compaction water content (or the suction) 
and the dry density after compaction. Collapse 
occurs mainly in dry and loose soils;

– The vertical stress applied during the inunda-
tion. Collapse settlement, indeed, increases with 
increasing vertical stress, i.e., collapse potential 
increases within the embankment deeper layers;
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The study is conducted on a small scale 
embankment made of a dry and loosely compacted 
sand-clay mixture (SCM) using the IFSTTAR 
geo-centrifuge. The objective of the comparison 
with oedometer tests is to quantify the effect of a 
low compaction rate on settlement in case of inun-
dation, and to assess the relevancy of laboratory 
test-based predictions. As the model is compacted 
in loose conditions, which do not represent actual 
field conditions, the results are presented at the 
model scale.

2 LABORATORY RESULTS

2.1 Materials

The SCM consists of a mixture of Speswhite 
kaolin and NE34 Fontainebleau sand (Table 1). 
The sand is characterized by a very narrow parti-
cle size range and a negligible fine content (Thorel 
et al. 2011). The clay is purified kaolin made of 
77% clay particles and characterized by a plasticity 
index of almost 23. The optimum moisture content 
is 29% for MDD = 1.42 t/m3. The clay fraction is 
mostly composed of kaolin minerals, among which 
some traces of illite have been detected. The SCM 
used for the tests is composed of 40% Speswhite 
kaolin and 60% Fontainebleau sand (Table 1). 
Therefore, the material characteristics are a combi-
nation of those of the clay and the sand. The clay 
content places it within the range of collapsible 
soils (El Sohby & Rabbaa, 1984). The compac-
tion characteristics and the shape of the standard 
Proctor curve are similar to those of a clayey sand 
material and the plasticity index is low. The SCM 
water retention curve, obtained using the osmotic 

method, is presented as a function of suction and 
height of water above the water table (Fig.1).

2.2 Single and double oedometer tests

Collapse is a wetting induced phenomenon, which 
must be studied by describing accurately the effects 
of both inundation and vertical stress.

After sand and clay are mixed, tap water is 
added to reach the required water content. The 
material is kept in sealed bags during, at least, 
twenty-four hours. After curing time, the speci-
mens are compacted directly in the oedometer 
cells (70-mm diameter and 19-mm thick) using 
a miniaturized dynamic hammer (Ferber et al., 
2008). Thus, the dry density is directly related to 
the number of blows of the hammer, i.e., to the 
compaction energy.

The tests consist in loading and/or soaking 
the specimens according to three different paths 
(Fig. 2):

– Loading unsaturated specimen at a constant 
water content (path 1), simulating the embank-
ment construction;

Table 1. Geotechnical characteristics of the soil.

Fon-
tainebleau
sand

Speswhite 
kaolin

40% 
kaolin
60% 
sand

C400 μm (%) 100 100 100
Fines content (%) 0.01 100 40
Clay content (% < 2 μm) 0 77 31
Liquid limit, wL (%) - 55.1 25
Plastic limit, wP (%) - 32.3 14
Plasticity Index, Ip (%) - 22.8 11
Methylene blue abs. 

(g/100 g)
0.1 1.54 0.6

ρs (g/cm3) 2.64 2.65 2.65
Std Proctor opt. w (%) 7 29 13.5
Std Proctor opt. MDD 

(g/cm3)
1.51 1.42 1.87

Std Proctor opt. Sr (%) 24.7 88.7 85.8

Figure 1. SCM water retention curve.

Figure 2 Hydro-mechanical paths.
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– Loading saturated specimen (path 2) according 
to the conventional oedometer test;

– Soaking specimen after loading at a given ver-
tical stress (path 3) to simulate the inundation 
of compacted fills occurring via, for instance, 
flooding.

Regarding path 1, the water content is kept 
constant during the test by protecting the cells 
from the ambient air using a plastic membrane 
(Delage & Fry, 2000). The increase in vertical stress 
is obtained by loading the frame with increasing 
masses. The specimen mass is measured before and 
after the test to determine water content variations, 
showing a decrease of 0.5 points at the highest 
water content (e.g., from 11 to 10.5%). The degree 
of saturation corresponding to a water content of 
11% is 39% for an initial void ratio of 0.75 and 43% 
for e = 0.68.

Path 2 corresponds to a conventional oedom-
eter test carried out on a soil compacted at a given 
water content and a given compaction energy, then 
loaded under a 3-kPa vertical stress, and finally 
soaked. Very small deformations result from this 
saturation since the soil is not expansive. The 
mechanical load is applied when all deformations 
are completed.

Paths 1 and 2 correspond to the elementary tests 
of the double-oedometer test procedure.

Path 3 is performed on specimens compacted at 
different dry densities but at the same water con-
tent. On the specimens are applied six different 
vertical loads between 3 and 800 kPa. These ver-
tical stresses correspond to the stress undergone 
by a material found at the base of  an approxi-
mately 40-m high embankment. The initial void 
ratio range between 0.39 and 0.74 corresponds 
to initial dry densities between 1907 kg/m3 and 
1526 kg/m3.

The unsaturated and saturated oedometer tests 
results are plotted together in Fig. 3.

The unsaturated tests present a substantial pre-
consolidation stress (400 to 800 kPa). It is the limit 
between the elastic (for low stresses) and plastic 
(for high stresses) zones, which is typical of the 
unsaturated behaviour of low plasticity compacted 
soils (Alonso et al., 1990). The elastic compression 
index, which corresponds to the slope of the curve 
for a vertical stress lower than the pre-consolida-
tion stress, is 0.01, whereas the plastic compres-
sion index determined from the data obtained at 
800 and 1400 kPa, is 0.25. The unsaturated curves 
are located “above” the saturated curves for verti-
cal stresses higher than 30–60 kPa. It shows that, 
above this threshold, the specimen is subject to 
settlements if  water is added. On the contrary, 
below 30 kPa, swelling occurs with the addition of 
water.

When the final void ratio after collapse of loose 
specimens, obtained by single-oedometer tests 
according to path 3, is plotted versus vertical stress 
(Fig.4), the data are found on the compression 
curve of the saturated oedometer test.

This means that the conventional compression 
curve of the saturated oedometer test can be used 
to predict the void ratio after collapse and, conse-
quently, the collapse deformations.

Figure 3. Double-œdometer tests on the compacted 
SCM.

Figure 4. Comparison between the results of single and 
double oedometer tests.
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3 CENTRIFUGE TEST PREPARATION 
AND PROCEDURE

A two-dimensional SCM embankment scale 
model, represented on the 1/100 scale, is inundated 
during a centrifuge flight at 100 g.

3.1 Experimental set up and preparation

For the purposes of the experiment, a two-
dimensional half  cross-section of the embankment, 
which is assumed symmetrical, is built (Fig. 5) 
inside a strongbox consisting of:

– a main 20-cm wide and 60-cm long compart-
ment, in which the material is compacted;

– some lateral compartments communicating with 
the main compartment, in which the height of 
water can be measured;

– a transparent wall in the main compartment, 
which is used to film the model during the test.

A 2-cm thick sand layer, surrounded by a geo-
textile, is laid on the strongbox bottom. This drain-
ing layer is used to simulate the water table rise 
below the embankment base before the inundation 
event. The SCM, with a water content of 10.5%, is 
compacted on the “dry side” of the Proctor curve 
in seven successive layers, each approximately 3 cm 
thick.

Each layer is compacted with 96 blows of a 
conventional standard Proctor hammer evenly 
distributed on the surface (Fig. 6). Loosely 

compacted material is needed here to emphasize the 
displacement phenomena caused by wetting.

At the interface between each layer, circular pins 
are placed close to the transparent wall as geomet-
rical reference points (Fig. 6). The image analysis 
makes it possible to follow the point displacements 
using a specially-dedicated LCPC piece of soft-
ware (Thorel et al., 2000). The results correspond 
to the mean value of the vertical displacement of 
the pins of each row.

After compaction, the structure is carved man-
ually to form a slope of  33°, a classical inclina-
tion for actual road embankments filled with the 
same material (Fig. 6). The final lengths of  both 
crest and base are 28.5 cm and 60 cm, respec-
tively. The corresponding prototype embank-
ment would be scaled by a factor 100 (Garnier 
et al., 2007).

The water level (0 and 5 cm from the base of the 
embankment) is controlled using a Mariotte bottle 
(Thorel et al., 2002) connected to the main com-
partment. The test is conducted according to three 
successive sequences: 1) no hydraulic connexion, 
2) water table at the bottom of the embankment 
and 3) water table up to 50 mm above the base of 
the embankment.

The total displacement of the embankment crest 
is calculated using some laser transducers placed 
above the crest, at a few centimetres from the slope 
crest and an LVDT, regularly applied above the 
central part of the crest.

3.2 Test sequences

Three sequences simulating the stress states that 
embankment materials are susceptible to undergo, 
are described:

– Stress state 1—embankment construction with 
increasing vertical stress;

– Stress state 2—a possible water level rise beneath 
the embankment causing capillary rises;

– Stress state 3—a possible inundation event, 
leading to water infiltrations from both the 
slope and the base of the embankment.

These three stress states are simulated by three 
different sequences during the test:

– Phase 1—g-level application to the embank-
ment model to increase the vertical stress in the 
soil;

– Phase 2—saturation of the sand layer under the 
embankment by maintaining the water table 
just above the sand-embankment interface 
level;

– Phase 3—inundation of the strongbox with 
a water table located 5 cm above the sand- 
embankment interface.

Figure 5. Cross-section of the embankment model in 
the strongbox.

Figure 6. Compaction and final shape of the model 
cross-section (black points are the reference pins for local 
displacement measurements).
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4 CENTRIFUGE TEST RESULTS

The objective of the centrifuge tests is to examine 
the wetting-induced settlements of the embank-
ment model before comparison with laboratory 
results. The settlements are measured according to 
two different principles:

– for each layer, thanks to the reference points 
filmed by a camera placed in front of the trans-
parent wall. Image analysis allows for the moni-
toring of the lowest four layers throughout a 
height of twelve centimetres;

– at the crest level.

The crest settlement due to inundation (for 
which the zero value corresponds to the beginning 
of the first inundation event, when the settlements 
have been stailized) are presented as measurements 
continuous with time (Fig. 7).

The first inundation event (phase 2) generates 
homogeneous settlements on the embankment 
crest. The second event (phase 3) generates more 
extensive settlements near the slope crest (laser 
sensors) because of a combination of lateral dis-
placement. This lateral displacement combined to 
settlement has to be linked with the natural rotation 
of the stresses in the vicinity of the slope. Appar-
ently, this phenomenon is not observed on the 
crest, far from the slope. This gives an indication 
that there is probably no rotation of the stresses in 
this zone, on which the study is focused on.

The average crest settlement shows that: 1) the 
saturation of the sand layer generates a 5-mm set-
tlement; 2) the inundation with a water table of 
five centimetres generates an additional settlement 

of seven millimetres, re aching a total of 
12-mm.

The image analysis gives more details on the 
settlement distribution within the layers (Fig. 8):

– the settlement of each layer increases with each 
inundation phase;

– the individual settlement of each layer increases 
with the depth of the layer. For instance, layer 1, 
located at the very base of the embankment 
presents a more extensive settlement than the 
three other layers. Conversely, the extent of the 
settlement of layer 4 is the less significant. Layer 3 
appears as an exception, since its settlement is 
more extensive than the settlement of layer 2;

– the total settlement is 3.4 mm and 14.6 mm after 
the first and the second inundation sequences, 
respectively. These values are similar to the aver-
age values of 4.8 mm and 12 mm measured on 
the crest.

The inundation of the embankment generates 
extensive settlements due to the wetting-induced 
collapse behaviour of loosely compacted soils.

The maximum crest settlement after the last 
inundation sequence is higher than 12 mm (model 
scale), which corresponds to a 1.2-m settlement in 
a full-scale embankment. This value, probably due 
to the initial loose soil compaction rate (82% of 
the MDD), is not acceptable for a transportation 
embankment.

The settlement values (measured using transduc-
ers or image analysis) are consistent and increase 
with increasing depth and increasing water table 
height. This result is coherent considering that: 1) 

Figure 7. Cumulative crest settlement: focus on the 
inundation sequences (model time).

Figure 8. Layer settlement (variation in height) at the 
end of the two inundations measured by image analysis 
(model scale).
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the vertical stress amplifies the deformation due 
to collapse; 2) the rise of the water table causes 
saturation, and consequently, the collapse of an 
increasing thickness of compacted material.

5 DISCUSSION

To compare void ratios obtained with the centri-
fuge test and with the oedometer tests, respectively, 
the following assumptions are made:

– In the embankment, only the zone far from the 
slope is taken into account;

– The dry density after compaction is equal to 
1530 kg/m3 in the embankment;

– The vertical stress, σ(z), at a given depth, z, 
in the embankment, is related to the material 
height above this point by the initial density 
of the material. With a dry density after com-
paction of 1530 kg/m3 and a water content of 
10.4%, the wet bulk density, ρ, used for calcula-
tions is 1690 kg/m3.

The variations of the void ratio observed during 
the different sequences (Fig.9) reveal that:

After the first inundation event (water 
table = 0 cm), the void ratio decrease is relatively 
small, and, except for the first layer, the value is 
very close to that of the void ratio predicted by 
the unsaturated oedometer test. Considering the 
high values obtained for crest settlement during 
this sequence (Fig. 7), layer 1 was probably already 
partly saturated because of capillary rises, which 

explains why the void ratio decrease is larger than 
the unsaturated oedometer test prediction (a dif-
ference of 0.2 mm is observed);

After the second inundation event (water 
table = 5 cm), the void ratio decreases in the three 
lowest layers because of the increasing water level. 
In the fourth layer, a limited decrease is observed, 
which can be explained by the fact that the capil-
lary rise does not reach the full height of the fourth 
layer. The saturated oedometer test results give a 
good prediction of the final void ratio in layers 1 
and 3 but a discrepancy occurs regarding the sec-
ond layer.

A reasonable consistency is observed between 
oedometer and centrifuge tests. Assuming that the 
oedometer tests are representative of embankment 
settlements far from the slope (no horizontal dis-
placements observed nor allowed), these tests are 
satisfactory for prediction. In the shallower zones 
and under the slopes, the stress ratio may notably 
modify performances (Lawton et al., 1992), and 
this approach should not be used.

6 CONCLUSION

An inundation is simulated during a centrifuge test 
in two-dimensional geometry in order to examine 
the collapse behaviour of embankments. The test 
embankment model is built with a loosely com-
pacted (82% MDD) clay-sand mixture to increase 
the collapse phenomenon. This material is studied 
by carrying out single and double oedometer tests.

The maximum water height reached during 
the inundation events is five centimetres, which 
causes 12-mm crest settlements at model scale (at 
full scale, a 20-m high field embankment subjected 
to a 5-m high inundation would settle by approxi-
mately 1 m).

It must be emphasized that the quality of the 
prediction depends mainly on the two following 
parameters: a) the height of the capillary rise; b) 
the dry density profile before inundation.

The settlements far from the slope (where there 
are no rotation of  the stresses) can be roughly 
predicted on the basis of  the double oedometer 
test. The method presented could also be used 
to define dry density objectives during the place-
ment process depending on the embankment 
height. These objectives are given by the satu-
rated oedometer test. The inundation simulation 
study conducted at the same time on a full scale 
embankment confirms the transposition poten-
tial of  this approach (Vinceslas et al., 2009). This 
method, however, would not be relevant for high 
plasticity clays (Ferber et al., 2008) knowing that 
such soils are generally banned from common 
compacted fills.

Figure 9. Comparison of void ratio measurements 
obtained with the centrifuge and œdometer tests (centri-
fuge model scale).

CAICEDO.indb   182CAICEDO.indb   182 12/27/2012   4:58:52 PM12/27/2012   4:58:52 PM



183

REFERENCES

Auriol, J.C., Havard, H., Mieussens, C. & Queyroi, D. 
2000. Résultats d’enquêtes sur la pathologie des rem-
blais en service Routes/Roads, n°306, 57–74.

Alonso, E.E., Gens, A. & Josa, A. 1990. A constitutive 
model for partially saturated soils, Géotechnique, 40, 
3, 405–430.

Basma, A.A. & Tuncer, E.R. 1992. Evaluation and con-
trol of collapsible soils. J. of Geotech. Engng, 118(10) 
1491–1504.

Delage, P. & Fry, J.J. 2000. Comportement des sols com-
pactés: apports de la mécanique des sols non saturés. 
Revue française de Géotechnique, N°92, 17–29.

El Sohby, M.A. & Rabbaa, S.A. 1984. Deformational 
behaviour of unsaturated soils upon wetting. Proc. 
Eight Regional Conf. for Africa on Soil Mechanics 
and Foundation Engineering, South African Inst. Civil 
Eng., Vol. 1, 129–137.

Estabragh, A.R., Javadi, A.A. & Boot, J.C. 2004. Effect of 
compaction pressure on consolidation behaviour of 
unsaturated silty soil. Can Geotechnical Journal, 41, 
540–550.

El-Ehwany, M. & Houston, S.L. 1990. Settlement and 
moisture movement in collapsible soils. J. Geotech.
Engng, 116(10).

Ferber, V., Auriol, J.C., Cui, Y.J. & Magnan, J.P. 2008. 
Wetting-induced volume changes in compacted silty 
clays and high-plasticity clays. Can Geotechnical J., 45, 
252–265.

Garnier, J., Gaudin, C., Springman, S.M., Culligan, P.J., 
Goodings, D., Konig, D., Kutter, B., Phillips, R., 
Randolph, M.F. & Thorel, L. 2007. Catalogue of 
scaling laws and similitude questions in geotechnical 
centrifuge modelling. Int. J. Physical Modelling in 
Geotechnics, 7, No. 3, 1–24.

Jennings, J.E. & Knight, K. 1957. The prediction of total 
heave from the double-oedometer test. Transactions 
Symp. on Expansive Clays, South African Inst. of Civ. 
Engng, 13–19.

LCPC. 2003. Practical manual for the use of soils and 
rocky materials in embankment construction. Tech-
niques et méthodes des laboratoires des ponts et 
chaussées, LCPC Ed., ISSN 1151–1516, 60 p.

Lawton, E.C., Fragaszy, R.J. & Hetherington, M.D. 
1992. Review of wetting-induced collapse in com-
pacted soil. Journal of Geotechnical Engineering, 118, 
No. 9, 1376–1394.

Lim, Y.Y. & Miller, G.A. 2004. Wetting-induced com-
pression of compacted Oklahoma soils. Journal of 
Geotechnical and Geoenvironmental Engineering, 130, 
No. 10, 1014–1023.

Miller, G.A., Muraleetharan, K.K. & Lim, Y.Y. 2001. 
Wetting-induced settlements of compacted-fill 
embankments. Transportation Research Record, 1755, 
111–118.

Pereira, J.H.F. & Fredlund, D.G. 2000. Volume change 
behavior of collapsible compacted gneiss soil. J. Geo-
tech. & Geoenvironmental Engineering, 126, No. 10, 
907–916.

Rao, S.M. & Revanasiddappa, K. 2000. Role of matric 
suction in collapse of compacted clay soil. Journal of 
Geotechnical and Geoenvironmental Engineering, 126, 
No. 1, 85–90.

Rollins, K.M., Rollins, R.L., Smith, T.D. & Beckwith, G.H. 
1993. Identification and characterization of collaps-
ible gravels. J. Geotechnical Engineering, 120, No. 3, 
528–542.

Thorel, L., Favraud, C. & Garnier, J. 2002. Mariotte Bot-
tle in a Centrifuge: a device for constant water table 
level. Technical Note. Int. J. Phys.Modelling Geotech, 
2, N°1, 23–26.

Thorel, L., Noblet, S., Garnier, J. & Bisson, A. 2000. 
Capillary rise and drainage flow through a centri-
fuged porous medium. Int. Symp. Phys. Modelling & 
Testing in Env. Geotech, La Baule, 15–17 May 2000. 
ISBN 2-7208-6050-6.

Thorel, L., Ferber, V., Caicedo, B., Khokhar, I.M. 2011. 
Physical modelling of the wetting-induced collapse of 
an embankment base. Géotechnique Vol. LXI, n°5, 
pp. 409–420.

Vinceslas, G., Khay, M., Sagnard, N. & Ferber, V. 2009. 
Moisture state variations on embankments located in 
flood zones: Instrumentation and behavioral moni-
toring of an experimental embankment. Bulletin des 
Laboratoires des Ponts et Chaussées, 274, 5–30.

CAICEDO.indb   183CAICEDO.indb   183 12/27/2012   4:58:52 PM12/27/2012   4:58:52 PM



This page intentionally left blankThis page intentionally left blank



185

Advances in Unsaturated Soils – Caicedo et al. (eds)
© 2013 Taylor & Francis Group, London, ISBN 978-0-415-62095-6

A practical method for suction estimation in unsaturated soil testing
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ABSTRACT: This research presents an alternative methodology to estimate suction in triaxial tests 
carried out under constant water content. A preliminary determination of the retention curve is pro-
posed using two complementary techniques, namely psychrometer measurements and mercury intrusion 
porosimetry results. Starting with the definition of a set of retention curves at different void ratios, an 
attempt is made for establishing a correspondence of the measured retention curves with the results of a 
high pressure isotropic compression test. From the stress-paths followed in a soil-cement specimen dur-
ing isotropic compression, plotted in the void ratio—stress plane, the suction is interpolated by using the 
previously measured values and the evolution law describing suction as a function of the specimen’s void 
ratio. For the aforementioned paths, the suction for all stress state points is estimated, including for the 
apparent yield pressure.

Simms (2008)]. Moreover, the axis translation 
technique is applied for low suction values (below 
1 MPa) but these tests are known as time con-
suming and once again, they would delay the 
experimental program. As a result of this reduced 
overlapping range, it is indispensable to use alter-
native techniques to allow suction estimation for 
a larger bandwidth. Considering these factors the 
interest in more efficient suction measurements 
has grown among researchers.

This paper presents a triaxial test procedure 
based on the estimated suction, maintaining 
constant water content. It presents an empirical 
model that allows predicting suction as a function 
of cement content and void ratio for a silty soil 
remolded from granite residual soil of northern 
Portugal [Viana da Fonseca et al. (1997), Viana 
da Fonseca et al. (2009), Amaral et al. (2011a), 
Amaral et al. (2011b), Rios (2011)]. On one hand 
it is known that suction increases very steeply with 
interparticle cementation, while on the other hand, 
the retention curve is affected by the initial void 
ratio (e0) of the samples, although for high suctions 
the effect of e0 can be neglected.

For the fast and practical suction monitoring 
during isotropic compression tests, the retention 
curves were previously computed using two differ-
ent methods. For low suction levels, the technique 
used was the mercury intrusion porosimeter (MIP) 
(Romero & Simms, 2008), while for high levels of 
suction (over 2 MPa), a chilled mirror dew point 

1 INTRODUCTION

It is recognized the difficulty of measuring and 
controlling suction in laboratory tests. Most stand-
ard techniques available in specialized laboratories, 
such as vapor transfer, axis translation and osmotic 
technique are time consuming and/or expensive 
(Ng et al., 2007). Indeed, they are not appropriate 
when the objective involves a considerable number 
of triaxial and/or oedometer tests in unsaturated 
conditions. For tests with suction control in hard 
soils—soft rocks or clayey soils it is not unusual 
to find triaxial tests taking between 1–6 months or 
more in the literature (Pineda, 2012). The present 
research is a small slice of a package with more than 
30 isotropic compression tests under unsaturated 
conditions. Therefore, standard controlled suction 
tests would condition the experimental program 
accomplishment. Although it is not presented 
here, the objective of the research is to study the 
influence of water content (w), cement content (C) 
and void ratio (e) on the mechanical behavior of a 
specific soil. This fact promotes a large amount of 
isotropic and triaxial tests and originated the need 
for an efficient and quick suction monitoring.

Although temporally most economical, the suc-
tion measurement techniques are not always suit-
able for a wide suction range, for example, the 
suction evaluation with psychrometric measure-
ments is only suitable for high suctions (higher 
than 1 or 2 MPa) [Romero et al. (1999), Romero & 
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psychrometer (WP4) was the selected method 
(Cardoso et al., 2007). This procedure allows cov-
ering all suctions in a range starting from 1 kPa up 
to 60 MPa. Retention curves are related to the pair 
of variables; cement content (C) and void ratio 
(e0), allowing indirectly estimating suction for all 
stages of triaxial tests carried out in mixtures of 
soil-cement in unsaturated conditions.

2 EXPERIMENTAL PROGRAMME

2.1 Soil characterization

The soil used for this study is classified as a fine 
graded silty sand (SM), according to the unified 
classification with a specific gravity (G) of 2.72. 
Mineralogical analysis showed that the particles 
are predominantly kaolinite, with minor parts of 
mica and quartz. The grain size distribution (Ama-
ral et al., 2012) shows an effective diameter (D50) 
of 0.25 mm, and uniformity and curvature coef-
ficients of 113 and 2.7, respectively. The Atterberg 
limits of the portion passing the #40 ASTM sieve 
reveals a liquid limit of 34% and a plastic limit of 
31%, representing these values a practically non 
plastic soil. Maximum dry unit weight in Modified 
Proctor test is 18.9 kN/m3 for a optimum water 
content (wopt) of 13%. (Amaral et al., 2012).

A high strength Portland cement (CEM I 52.5 R), 
with G equal to 3.10, was used as cohesive agent to 
speed up the curing process and promote a fast sta-
bilization of the soil-cement specimen’s strength. 
Tap water was used for the specimen’s compaction 
and cement hydration.

2.2 Specimens preparation

The tested specimens were molded to obtain cyl-
inders with 50 mm diameter and 33 mm height, 
for MIP and WP4 tests and 50 mm diameter and 
100 mm height, for the isotropic compression test. 
The hygroscopic water content was measured in 
the day before molding. Consequently, the amount 
of water to be added for the desired water content 
(wopt) was defined. In the specimens preparation 
process the weight of fines was replaced with the 
quantity of cement to be added. Thus, the grain 
size distribution and Proctor compaction curve 
were maintained. The proportion of cement (C) 
and the water content (w) were calculated by divid-
ing their weights with the dry soil weight.

The soil, cement and water were placed in a 
tray and mixed in order to get a fully homogene-
ous admixture. Then the mixture was placed in a 
cylindrical mold, which had an internal diameter 
of 50 mm, and was statically compressed until the 
required density. Samples for isotropic compres-

sion test (100 mm height) were compacted in three 
layers.

At the end of the described procedure, the 
assembled specimen was kept in a humid chamber. 
After 24 hours, the specimens were removed from 
the mold for weighing and measurement. Later, 
they were again placed in the humid chamber for 
another 27 days where they remained in curing. 
The tolerances for the specimen’s acceptance were:

• Dry unit weight within ± 1% reference value;
• Water content within ± 0.5% reference value;
• Diameter within ± 0.5 mm;
• Height ± 1 mm.

After 28 days of curing, the specimens were 
removed from the humid chamber. Those samples 
that were prepared for isotropic compression tests 
were installed in the triaxial cell after a vapor equi-
librium procedure (to dry/wet the specimens). The 
specimens aimed at the dew point psychrometer 
tests were trimmed to cylinders of approximately 
30 mm diameter and 10 mm height. As for the MIP 
tests, a cube with 1 cm3 was the final specimen’s 
shape. Prior to pursue the MIP tests, the samples 
were dried using infrared light.

2.3 Testing program

The following tests were performed:

 i An isotropic compression test in a triaxial cell 
(T) over a specimen of soil-cement (5%) with 
constant water content approximately equal 
to 16%.

 ii 6 MIP tests (M) on two distinct percentages 
of cement content (0 and 5%) at different void 
ratios.

 iii Two tests with the dew point psychrometer (W) 
which were necessary to interpolate at interme-
diate values of the retention curve [1, 2 MPa] 
and at both 0 and 5% cement contents.

The characteristics of the samples are presented 
in Table 1. γd is the dry unit weight, emicro and emacro, 
are the micro and macro void ratio, respectively, 
determined from MIP, and interpreted as shown 
in Figure 1.

In the MIP technique an absolute pressure (p) is 
applied to a non-wetting liquid (mercury) to enter 
the empty pores.

p
d

Hg= −
( )nw4σ Hg ( n

 
(1)

where σHg is the surface tension of mercury 
(0.484 N/m at 25ºC), θnw the contact angle between 
mercury and the pore wall and d the entrance pore 
diameter.
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The injection of non-wetting mercury was 
assumed to be equivalent to the ejection of water 
by the non-wetting front advance of air (dry-
ing branch) for the same diameter of pores being 
intruded. Thus, p and matric suction (s) can be 
related by capillary equilibrium (Washburn’s equa-
tion) as follows.

s p w

Hg

( )w

( )nw

σw ( w

σ Hg ( n  
(2)

where σw is the surface tension of water (0.072 N/m 
at 25ºC) and θw the contact angle between water 
and the pore wall.

From the analysis of the results in Table 1 it is 
possible to conclude that the value of emicro does not 
depend on the initial void ratio, resulting from the 
compaction, i.e., during this process there is only a 
change in the macro voids (only emacro varies). The 
changes in the values of emicro, for specimens with 
distinct cement contents, are mostly due to the 
presence of more or less bonding agent. Samples 
with higher cement content present higher values 
of emicro: (ex. W1 vs. W2, in Table 1).

2.4 The inclusion of the suction factor

The suction estimation in triaxial tests on non- 
saturated soils, from the assumption of the con-
stancy of moisture content, is fairly reliable for low 
values of suction or for high degrees of saturation, 
corresponding to values below the air entry point. 
Figure 2 illustrates the retentions curves immediately 
calculated from MIP results for 5% cement content 
and shows a clear dependency on void ratio in the 
very low suction range. In the same figure, W2 test 
is also plotted.

Water saturation and the degree of mercury 
are related. Therefore, the specimens porosity (n), 
assumed as unaltered during mercury intrusion, 
the intruded porosity (nv) and the specimen’s water 
content can be related trough (Prapaharan et al., 
1985).

w
G

n n
n

v=
−

1
1  

(3)

According to the previous equation, the soil-
water characteristic curve can be plotted. The 
interpolation area is defined according to Romero 
et al. (2011).

Figure 3 indicates that there are ranges of mois-
ture/water content values that depend on the actual 
void ratio (e) value. Therefore, it is necessary to 
define a law that allows the verification of the vari-
ation of suction with the void ratio. This condition 
is determinant for low values of e, since its decrease 
tends to increase the air entry value. The shape of 
those laws is outlined in Figure 3.

Figure 3 can be constructed by determining s 
values which directly cross the vertical constant 
water content line represented in Figure 2. As 
observed in the figure, for void ratios larger than 

Table 1. Main characteristics of the tested specimens.

Specimen
Test 
type

c 
(%) e emicro emacro

γd
(kN/m3)

M1 MIP 0 0.748 0.105 0.643 15.26
M2 MIP 0 0.581 0.108 0.473 16.88
M3 MIP 0 0.452 0.110 0.342 18.38
M4 MIP 5 0.544 0.251 0.293 17.38
M5 MIP 5 0.457 0.245 0.212 18.41
M6 MIP 5 0.511 0.249 0.262 17.76
W1 WP4 0 0.753 0.108 0.645 15.22
W2 WP4 5 0.585 0.248 0.337 16.93
T1 Triaxial 5 0.569 0.248 0.322 17.10

Figure 1. Determination of emicro and emacro values.

Figure 2. Retention curves for specimens with C = 5%, 
where a moisture content range is lacking for specific 
suction values.
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0.54, the suction water content relationship can be 
considered not affected by void ratio.

From the analysis presented in Figure 3, it seems 
there is a void ratio value which establishes a suc-
tion increase stoppage. This limit, for the applied 
water content, is equivalent to the suction defined 
in the retention curve of the soil’s maximum void 
ratio.

3 ISOTROPIC COMPRESSION TEST

The procedure described above has as main objec-
tive the suction determination not only for the 
apparent yielding pressure but also along all stress 
states of the isotropic compression curve.

After the specimen T1 removal, from the humid 
chamber, it was moistened (to improve w = 13% to 
w = 16%) and assembled to a Hoek type high pres-
sure triaxial cell. The back pressure, in the speci-
men pores (BP), was kept at around 0 kPa. The 
sample remained for 24 hours under a mean net 
pressure (p*) of 10 kPa, defined by:

p a* ( ) ( )uau= +) (+)u1 3aauau 2
3  

(4)

where ua is the air pressure.
The isotropic compression test (σ1 = σ3) was 

undertaken up to high pressures. The increase in 
confining pressure was performed by steps, with 
a constant stress rate between them (0.5 kPa/s), 
where ua was kept almost constant at 0 kPa. The 
use of steps allowed a stabilized ua and water pres-
sure (uw). The maximum confining pressure was of 
19 MPa. Figure 4 shows the isotropic compression 
test results for the tested specimen with constant 
water content. Jointly, the suction estimation curve 
is presented.

From the analysis of the curves presented in 
Figure 4, it is concluded that for void ratios greater 
than approximately 0.52, the suction values are 

kept constant once it is not changed the moisture 
content. However, below this value, the suction is 
strongly conditioned by the specimen’s updated 
void ratio. As a consequence, it is required to esti-
mate this variation by using an equation similar to 
the linear one shown in Figure 4. It can also be 
inferred, from those results, for void ratios bellow 
0.44, the specimen T1 remains saturated and water 
content is no longer constant under drained con-
ditions. This situation could be visually checked 
while water was expelled from the specimen for 
confining pressures close to 15000 kPa. However, 
these stress levels are on the far away from the 
yielding net pressure.

Models such as those presented by Alonso & 
Gens (1993) and Alonso et al. (1994) formulate the 
yield surface of unsaturated cemented soils by fun-
damental variables such as yielding and suction. 
The methodology proposed here allows a very 
effective and accurate way of determining both 
variables, allowing a very practical methodology 
for such models application.

4 CONCLUSIONS

This research proposes an alternative methodol-
ogy to evaluate fundamental variables for mod-
eling unsaturated cemented soils. The method is 
based on performing isotropic compression tests 
on soil-cement specimens at constant water con-
tent, which allows reducing significantly testing 
time. The technique proved to be very competent 
and relatively easy to apply.

In parallel, the analysis of the retention curves 
patterns determined for specimens with and with-
out cement, allowed to demonstrate that, first, the 
degree of compaction does not influence the micro 
voids, and, secondly, the amount of cement greatly 
influences the magnitude of the micro void ratio.

Figure 4. High pressure isotropic compression test 
under constant water content and derived suction curve.

Figure 3. Suction variation with void ratio for distinct 
values of moisture content.
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Concerning the high suction retention curves, 
measured with the dew-point psychrometer, they 
were calculated on a MIP result validation pro-
spective. The interpolation area (in the ranges 
where both the suction devices are not appropri-
ate) proved that the laws defined by dew-point psy-
chrometer and MIP technique may be extended via 
a single logarithmic-linear segment.
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ABSTRACT: This paper focuses on the development of a procedure for the formation of large unsatu-
rated samples made of decomposed granite in the UNSW calibration chamber for conducting laboratory 
controlled Cone Penetration Tests (CPTs). Static compaction was used, and the attainment of the target 
suction using axis translation was quickened following the development of a radial drainage system incor-
porating Geotextiles wrapped around the sample in the chamber. The CPT results shown, along with the 
moisture content profiles, indicate improved uniformity of samples and the success of the procedure.

The purpose of this study is to form large 
unsaturated samples of a decomposed granite 
(sand-silt-clay mixture) in a calibration chamber 
using static compaction, with a view to overcome 
some of the difficulties experienced by Tan (2005). 
Particular attention will be given to the uniformity 
of density and moisture content throughout the 
sample.

2 TEST SOIL

2.1 Index properties

The soil used in this study is decomposed granite 
from the catchment area of Lyell dam, NSW, Aus-
tralia. It is classified as a silty sand (SM) according 
to the Unified Soil Classification System. Index 
properties are listed in the table 1, and a particle 
size distribution curve is shown in figure 1.

2.2 Static compaction

Static compaction tests were first conducted at 
bench scale to obtain compaction curves. Soils 
were firstly oven dried and then mixed with pre-
scribed amounts of distilled water. Soil was then 
compacted into a 50 mm diameter mould in five 
layers, so the final compacted thickness of each 
layer was 20 mm. Specimens were weighed after 
compaction to calculate the dry density. Different 
compaction pressures were used to compact the 
soil and three compaction curves corresponding to 
static pressures of 60 kPa, 210 kPa and 600 kPa are 
shown in figure 2 to highlight the difference in the 
dry densities achieved.

1 INTRODUCTION

The CPT is often used by engineers to estimate the 
density, stiffness and shear strength parameters of 
soils (Lunne et al., 1997). The results of the CPT 
and their link to soil properties are usually analyzed 
through empirical or semi-theoretical solutions. As 
calibration chambers allow researchers to fully con-
trol the stress and strain history, boundary condi-
tions, density and moisture content of the test beds, 
performing CPTs in chambers is often preferred over 
field conditions when developing the solutions.

Methods to prepare large samples for calibra-
tion chamber testing include slurry consolidation 
for clays (e.g. Sheeran & Krizek, 1971; Huang 
et al., 1988; Anderson et al., 1991; McManus & 
Kulhawy, 1991; Kurup et al., 1994) and pluviation 
for sands (e.g. Brandon et al., 1991). The compac-
tion method has also been used, although is not 
well documented.

Each of the methods has been used to form 
saturated soil samples. For unsaturated soil sam-
ples, only two calibration chamber studies have 
been documented (Pournaghiazar et al., 2011; Tan, 
2005). Pournaghiazar et al. (2011) used the pluvia-
tion method to place dry clean sand into a calibra-
tion chamber and then achieved the target suction 
by firstly saturating the sample by flushing with 
water and then using the axis translation technique 
(Hilf, 1956). Miller et al. (2002) and Tan (2005) 
used the static compaction method to place a silty 
sand in a chamber at a prescribed moisture con-
tent with reference to the pre-obtained soil-water 
characteristic curve to get the target suction, but 
post-test analysis showed that the density along the 
depth of the sample followed a sinusoidal curve.
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2.3 Soil water characteristics

Soil-water characteristic curves were obtained 
using a pressure plate. Details of the equipment 
are given by Russell (2004). Nine specimens for use 
on the pressure plate were prepared (each being 
50 mm dia. and 25 mm thickness) at three different 

void ratios by compacting them at the same mois-
ture content but different static compaction pres-
sures. Specimens were not saturated before pressure 
plate testing to avoid volumetric collapse. The 
testing involved increasing suction in increments 
until 450 kPa was reached (drying), then reducing 
suction in increments (wetting). Seven days were 
found to be sufficient for each increment to reach 
water equilibrium. The results are presented in 
figure 3 showing the moisture content vs. applied 
suction.

3 TEST SETUP

3.1 Calibration chamber system

The UNSW calibration chamber used here was 
designed by Pournaghiazar et al. (2011). Key 
improvements over other designs include a novel 
sample formation system, a modified axial load 
application system and measurement and control 
of suction within the system. A cross section of the 
calibration chamber is shown in figure 4 and the 
control system is shown in figure 5.

In forming a sample soil was compacted directly 
into the chamber using a circular metal piston hav-
ing a diameter of 450 mm, slightly less than the 
inner 460 mm diameter of the chamber.

The cone used in the testing was a miniature 
electrical cone, manufactured by A.P van den Berg 
(model ELC2), with diameter of 16 mm and cone 
tip area of 2 cm2.

The machine used to push the cone was a 
HY-SON 100 kN single cylinder static cone 

Figure 1. Particle size distribution curve.

Table 1. Index properties of Lyell dam soil.

Property Value

Liquid Limit, % 15.2
Plastic Limit, % N/A
Plasticity Index, % N/A
Specific Gravity 2.55
Gravel, % 0
Sand, % 72.84
Fines, % 27.16
Clay Size Fraction, % 4.35
Unified Soil Classification System

Classification
SM

Figure 2. Static compaction curves.

Figure 3. Soil-water characteristic curves, in the mois-
ture content vs. log of suction plane. Loose indicates an 
initial void ratio of 0.68, medium an initial void ratio of 
0.59 and dense an initial void ratio of 0.50.
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penetrometer powered by a petrol-driven power 
pack. A constant pushing rate of 0.2 to 2 cm/s was 
used. During the test the cone penetration resist-
ance qc was recorded.

3.2 General test procedure

Before assembling the chamber, the High Air-
Entry (HAE) ceramic discs embedded in the base 
plate were saturated under a pressure of 20 kPa 
for more than 24 hours. To ensure better contact 
between the soil and the HAE discs, a thin layer 

(about 3 mm) of kaolin was smeared across the top 
of the discs.

Then a rubber membrane of 8 mm thickness 
was fastened to the bottom plate using a 25 mm 
wide hose clamp. Once the membrane was in place, 
an o-ring coated with silica grease was carefully 
pushed into the groove at the base, and the cham-
ber shell was bolted onto that.

A feature of the calibration chamber design is 
the four movable formers which can be fastened 
together to make a rigid cylindrical mould in which 
a sample can be compacted, preventing side bulg-
ing during compaction.

Soils were statically compacted to the target dry 
densities in thin layers. The surface of a compacted 
layer was scarified prior to compaction of the next 
layer. Seven layers in total were compacted. The 
first (bottom) layer had a thickness of 140 mm 
after compaction, while the six other layers had a 
post-compaction thickness of 110 mm. After com-
pacting the seventh layer, 50 mm of gravel was put 
in place on top of the sample to ensure that the 
air pressure applied to the sample as part of the 
axis translation technique could evenly distribute 
across the top surface.

Another hose clamp was used to fasten the 
membrane to the top cap, after which the top cap 
was bolted to the shell with o-rings in between.

Vertical pressure and cell pressure were then 
applied, and to prevent localized drying near the 
top of the sample air was passed through a water 
bath cylinder as also done by Pournaghiazar et al. 
(2011). The vertical pressure, cell pressure and 
the air pressure were then increased in steps to 
target values and the axis translation technique 
was applied to achieve the target suction. The 
volume of water exiting through the base of  the 
sample was recorded to indicate the rate of  water 
expulsion.

3.3 Assessing uniformity of soil samples

The uniformity of a prepared soil sample was 
investigated by observing the uniformity of the 
cone penetration resistance profile and moisture 
content with depth. The moisture content was 
determined on sub samples obtained by coring 
post-test using a hand auger.

4 TEST RESULT

Two CPTs were conducted in two samples. After 
compaction each sample was subjected to a cell 
pressure of 200 kPa, vertical pressure at sample 
base of 160 kPa and pore air pressure (at the top) 
of 100 kPa and pore water pressure (at the ceramic 
discs) of 0 kPa, corresponding to a target base 

Figure 4. Cross-section of calibration chamber (after 
Pournaghiazar et al., 2011).

Figure 5. The calibration control system (after Pour-
naghiazar et al., 2011).
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vertical net stress of 60 kPa, target net cell pressure 
of 100 kPa and suction of 100 kPa.

After periods of allowing water to drain from 
the base of the samples, CPTs were performed in 
the centre of the sample at a rate of 1 cm/s. The 
boundary condition is illustrated in figure 6. And 
boundary influences are discussed in detail in 
Pournaghiazar et al. (2012a, 2012b).

During the application of suction and subse-
quent CPTs, a specially designed bush cylinder was 
positioned at the center hole of the chamber top 
cap to create a seal around the cone (Pournaghiazar 
et al., 2011).

4.1 Test one

For this test the sample was compacted at a static 
pressure of 60 kPa and moisture content of 6.15%. 
A dry density of 1.53 g/cm3 (void ratio of 0.67) was 
targeted during compaction which is considered to 
correspond to a loose condition.

The cell, vertical and air pressures mentioned 
above were applied, and suction was induced. After 
350 hours, the water exiting the sample had slowed 
considerably to a rate of 2.5 ml/hr. The sample 
volume change was recorded during this and the 
void ratio reduced to 0.64. The CPT was then per-
formed and the result is shown in figure 7.

As shown, the cone penetration resistance is 
almost constant at depths ranging from 0.3 m to 
0.5 m, where top and bottom chamber boundary 
influences are negligible (Pournaghiazar et al., 
2011), although a slight increase in resistance with 
depth is observed in this depth range. The near 
uniform cone penetration resistance, in particu-
lar the absence of a sinusoidal pattern, indicates 
that the distribution of density is uniform and that 

layering effects caused by static compaction are 
negligible or non-existent. However, as shown in 
figure 8, the distribution of moisture content has 
a slight gradient, being 5.8% at 0.3 m and 5.4% 
at 0.5 m, indicating moisture equilibrium had not 
been fully reached after 350 hours. The moisture 
gradient corresponds to a slight increase of suction 
with depth, and this may be the cause of the slight 
increase of cone penetration resistance with depth 
(4.9 MPa at 0.3 m to 5.1 MPa at 0.5 m).

4.2 Test two

In this test, to hasten moisture equilibrium being 
reached, strips of Geo-textiles were placed along 
the sides of the sample to permit radial drainage 
in addition to vertical drainage. Figure 9 shows the 
inside of the membrane with Geo-textile strips in 
position immediately prior to placement and com-
paction of soil.

The strips were submerged in distilled water 
and saturated prior to being taped onto the rub-
ber membrane. The ends of the strips were laid 
horizontally across the top of the thin clay layer 
smeared across the ceramic discs.

Similar to test 1, the sample was compacted at 
a static pressure of 60 kPa and moisture content 
of 6.1%. A dry density of 1.53 g/cm3 (void ratio of Figure 6. Boundary conditions.

Figure 7. CPT result for test 1 with compaction layers 
indicated.
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0.67) was targeted. After 592 hours, the water exit-
ing the sample had slowed considerably to a rate of 
1.7 ml/hr. The sample volume change was recorded 
during this and the void ratio reduced to 0.63. The 
CPT was then performed and the result is shown 
in figure 10 and the moisture content distribution 
in figure 11.

Again the cone penetration resistance is quite 
uniform between depths of 0.3 m and 0.5 m, 
increasing slightly from 5.2 MPa to 5.4 MPa. 
Again no sinusoidal pattern was observed.

The moisture contents at different depths 
achieved after 592 hours with the assistance of 
radial drainage are lower than those for 350 hours 
and vertical drainage, although a slight gradient 
still exists. However, near the base of the sample, 
that is from depths of about 0.5 m, the moisture 
content is constant and suction has reached the 
target value.

4.3 Discussion

The equilibrium stage was stopped only after 
observing the rate of water exiting the sample had 
slowed. A time of 592 hours was required for test 
2 instead of 350 hours for test 1. The rate of water 
expulsion was quicker for test 2 than test 1, has-
tened by radial drainage.

Throughout the entire sample depth the mois-
ture content distribution becomes more uni-
form with the assistance of radial drainage and a 
longer equilibrium time. The difference between 

Figure 8. Moisture content distribution for test 1.

Figure 9. Cross section of the membrane with Geo-
textiles.

Figure 10. CPT result for test 2.
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the largest and smallest values of moisture con-
tent with depth is 0.4% in test 2 compared to 0.7% 
in test 1. Also, the moisture contents are smaller 
in sample 2 than sample 1, implying higher suc-
tions had been reached, although slight gradients 
were still present which is consistent with the slight 
increases of cone penetration resistances with 
depth being measured.

5 CONCLUSIONS

A static compaction method for preparing large 
unsaturated samples of decomposed granite in a 
calibration chamber has been investigated. Varia-
tions of cone penetration resistances and moisture 
contents with depth were measured to indicate 
sample uniformity. The absence of a sinusoidal pat-
tern in the cone penetration resistances indicates 
that layering effects caused by static compaction 
are negligible or non-existent. However, slight gra-
dients in the moisture contents with depth existed, 
although were less pronounced as the equilibrium 

times were increased and drainage was allowed to 
occur radially. The slight moisture content gradi-
ents correspond to a slight suction gradient, and 
is consistent with the slight increases of cone pen-
etration resistances with depth. Even so, static 
compaction, and imposing suction using the axis 
translation technique, can enable large homogene-
ous unsaturated samples to be formed.
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Estimating soil hydraulic parameters from capillary rise tests
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University of São Paulo, São Carlos, Brazil

ABSTRACT: The capillary rise is a simple and rapid test which measures the advancing wetting front, 
a typical phenomenon of unsaturated soils. This paper explores the potential of combining capillary rise 
tests and an optimization technique to estimate saturated hydraulic conductivity and hydraulic conduc-
tivity function. The optimization process uses the routine SOLVER and to describe the capillary rise 
the models of Terzaghi (1943) and Lu & Likos (2004b), which considers Gardner´s hydraulic function, 
were used. The proposed technique was tested against results available in the literature and tests with 
compacted soils. Capillary rise could be nicely fitted using Lu & Likos (2004b) and saturated hydraulic 
conductivities approached the measured ones for most of the soils analyzed. The Gardner parameters 
were of the same order of magnitude of reported values of similar soils. The technique seems promising 
and could be an interesting alternative for measuring hydraulic parameters of soils.

described by Darcy’s law. The resulting solution of 
Terzaghi model is expressed in Equation 1.

t
n h
k

h
h z

z
h

ch

sk
ch

c ch z h
= −

⎛
⎝⎜
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠

. ln
 

(1)

where t—time; n—soil porosity; hc—ultimate height 
of capillary rise; z—distance measured positive 
upward from the elevation of the water table and 
ks—saturated hydraulic conductivity.

Lu & Likos (2004b), based on the original equation 
of Terzaghi (1943) and the observations of Lane & 
Washburn (1946) have presented a new alternative 
solution, using the hydraulic conductivity function 
of Gardner (1958), to represent the variation of the 
hydraulic conductivity in the process of capillary rise.

Gardner’s equation is expressed as:

k(h) = kse(−βh) (2)

where k(h)—hydraulic conductivity at a given 
hydraulic potential, h, and β, a soil parameter 
representing the variation of hydraulic conductivity 
with hydraulic potential. The solution of Lu & 
Likos (2004b) is presented as a series function, as 
follows (Equation 3).
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On the other hand there is at present computa-
tional tools as the technique of the inverse problem, 

1 INTRODUCTION

The hydraulic conductivity is an essential property 
for solving various engineering problems. For an 
unsaturated soil, hydraulic conductivity depends 
on the hydraulic potential or on the soil suction, 
this dependence being expressed in the hydraulic 
conductivity function. This is function difficult to 
measure, both in lab and in the field: it demands 
expertise and some special instruments, such as 
tensiometers and moisture content transducers and 
is time consuming. To overcomed those difficulties, 
some alternative approaches have been developed 
to estimate such a function, many of them resting 
on the soil water retention curve (van Genutchen, 
1980 among others). This is a logical option, since 
the tests to measure soil water retention can be 
seen as a kind of permeability test, performed 
under transient conditions.

The capillary rise is a well known physical phe-
nomenon in which the suction height and the 
moisture content follow a relationship similar 
to the soil water retention curve. This similarity 
reflects a direct influence of hydraulic conductivity 
in the process of capillary rise that in turn becomes 
a possible alternative to evaluate the unsaturated 
hydraulic conductivity of soils. Besides, it is a sim-
ple laboratory test that demands a relatively short 
period of timeto be completed.

One of the first proposals to model the capillary 
rise in a soil was that of Terzaghi (1943). He devel-
oped an equation considering the hypothesis that 
during the process of capillary rise the soil was sat-
urated and that the rate of capillary rise could be 
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which has proven effective for determining the 
hydraulic properties of soils. The inverse problem 
consists in obtaining the best estimator of the 
parameters of an equation that represents a physi-
cal phenomenon, based on prior information of 
these parameters through laboratory testing or doc-
umentation.This method was used, for instance, to 
estimate parameters affecting water flow and solute 
transport in unsaturated soils by Kool et al. (1987). 
It was also used by Eching & Hopmans (1993) to 
optimize thehydraulic conductivity function from 
transient flow tests and by Simunek et al. (1998) to 
determine the hydraulic conductivity from tests of 
evaporation of water from soil cores in the labora-
tory. All the cited authors obtained reliable opti-
mized methods that fairly fitted experimental data.

Considering this background, the objective of 
this study was to verify the potential of parameter 
optimization method for estimating the hydrau-
lic pro-perties based on capillary rise tests. The 
SOLVER parameters optimizer that is included 
in the EXCEL code was chosen for that purpose, 
together with the mathematical models of Terza-
ghi (1943) and Lu & Likos (2004b) to represent the 
process of capillary rise.

The first part of the study is devoted to check 
the potential of the optimization method by ana-
lyzing test data provided by Lane & Washburn 
(1946) and Zhang & Fredlund (2009) in order to 
determine the saturated hydraulic conductivity 
(ks), maximum height of capillary rise (hc) and 
Gardner parameter (β). The second part of the 
study is directed to obtain soil hydraulic param-
eters using the SOLVER routine considering test 
data from laboratory measurements of capillary 
rise in specimens of compacted soils, typical of the 
State of São Paulo, Brazil.

2 MATERIALS AND METHODS

2.1 Samples

The first part of this study was conducted using 
the data of tests carried out by Lane & Washburn 
(1946) for granular soils and Zhang & Fredlund 
(2009) for fine soils. Due to space limitations, the 
physical indices of those soils will not be presented. 
However the hydraulic parameters of interest will 
be shown in the section of test results.

For the second part of analysis, eight typical 
fine soils of the State of São Paulo, varying from 
clayey sand to silt, were tested to obtain the satu-
rated hydraulic conductivity and the capillary rise 
with time. Table 1 presents the identification of 
the soils tested, together with some other charac-
teristics, including the parameters from Standard 
Proctor test, wot, optimum moisture content and 
ρdmax, maximum dry density.

The permeability and capillary rise tests were 
performed with compacted specimens. All the soil 
samples were moistened to reach their optimum 
moisture content and dynamically compacted in 
five layers to obtain the correspondent maximum 
dry density. Final dimensions of specimens were 
50 mm in diameter and 100 mm in height. The 
saturated hydraulic conductivities were measured 
using rigid wall permeameters, allowing for con-
stant rate of flow to characterize saturation or 
near saturation of the specimen. Thus, the tests 
were performed without any additional phase to 
improve the saturation of the specimens, such as 
using backpressure.The results of variable head 
permeability tests are shown in Table 1.

2.2 Capillary rise test

To perform the capillary rise test ens were prepared 
similarly to the specimens used for permeability 
tests and then air dried. Thus, for this preliminary 
part of the research, the tests were intended to be 
performed on short length samples (50 mm diam-
eter and 100 mm height) and in addition they were 
kept as simple as possible.

The capillary rise test was performed by placing 
the specimen of soil directly over a high permeabil-
ity porous stone that was at the top of a cylindrical 
tank 5 cm in diameter. This tank was connected 
by a pipe to a water supplier tank, placed on the 
same level of the soil specimen. The water supplier 
tank was sitting on a scale with 0.01 g of resolution 
for the purpose of measuring the mass of water 
absorbed during the process of capillary rise. Rela-
tive humidity and temperatures were controlled 
and the water evaporation was measured during 
the tests. A millimetric ruler was placed on the side 
of the soil specimen for measuring the advancing 
front of wetting (z) with time (t). For each soil type 
at least two tests were performed to ensure repeat-
ability of data.

2.3 Method of the inverse problem 

The optimization method selected was the Solver 
optimization routine, which is part of the Excel 
program. It was chosen for its versatility and 
ease of use in solving various linear and nonlin-
ear problems. The models selected to represent 
the process of capillary rise were those presented 
by Terzaghi (1943) (Equation 1) and Lu & Likos 
(2004b) (Equation 3). The objective to be mini-
mized during the optimization process for the Ter-
zaghi model is the time t, considered dependent on 
ks and hc parameters.

Regarding the model of Lu & Likos (2004b), 
the objective to be minimized is the time t, now 
considered dependent on ks, hc and β parameters. 
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The objective function of the optimization proc-
ess was to minimize the sum of squared deviations 
between the estimated values of “t” and those 
observed in laboratory.

In the case of the model of Lu & Likos (2004b), 
besides considering t as a function of the three 
parameters (ks, hc and β), an additional analysis was 
performed considering  s as a known parameter (the 
value measured in the lab tests) and varying hc and 
β. In the graphs, the notation of the results obtained 
using this second option is: Lu & Likos (1).

As the solution of Lu & Likos (2004b) is in 
series, fits were made considering up to five terms 
of the series for each soil analyzed and choosing 
the results that better matched experimental results 
of capillary rise results.

3 RESULTS

3.1 First part

This part was intended to check the potential of 
the optimization technique in the determination 
of soil hydraulic parameters using available tests 
results. Figure 1 shows an example of the nice fit-
ting between experimental and modeled capillary 
rise, using optimized parameters, for soil C4 of 
Lane & Washburn (1946).

As can be seen, Lu & Likos method using the 
second term of the series (m2) tends to match the 
experimental data. The Terzaghi solution departs 
from experimental data for early rise times and 
the second option of Lu & Likos that considers 
known the saturated hydraulic conductivity, gives 
the poorer results.

Although not all the soils presented similar 
trends, specially the coarser ones, it was observed 
that the optimized parameters were capable of 
nicely reproduce experimental data, especially if  
the Lu & Likos (2004b) model is considered. The 
larger deviation was observed when using the 
Terzaghi model.

Table 2 shows a comparison between experimen-
tal and optimized saturated hydraulic conductivity. 
It can be seen that the Terzaghi model tends to yield 
values closer to the experimental ones or that devi-
ates about an order of magnitude, exception made 
for the soils C5 and SM and SC. A similar behavior 
is noticed for the results of Lu & Likos model.

The exceptions in this case were the soils C1, C7 
and SM.

As far as the values of the maximum height 
of capillary rise (hc) are concerned, the obtained 
values were almost identical to the experimental 
ones as can be seen in Table 3. However, the sec-
ond option of Lu & Likos that considers known 
ks yields hc that depart from experimental ones for 
some soils. In the case of the soils studied by Zhang 
& Fredlund (2009) the comparison was impaired 
by the fact that there is some doubt regarding the 
height of capillary rise reported since they could 
not be the maximum considering the length of the 
tube used as mold and the time spent in the tests.

A more difficult comparison is that of the param-
eter β of  soil hydraulic function of Gardner (1958) 

Table 1. Soils tested in this research program.

Sample SI SC TD AV DC IG MA IP

% Sand 69 56 38 19 10 8 8 4
% Silt 8 10 21 33 50 10 48 18
% Clay 24 34 40 48 40 82 45 78
LL (%) 34 38 45 49 79 108 58 60
IP (%) 14 17 11 15 26 53 24 17
SUCS SC SC ML ML MH MH MH MH
ρs (g/cm3) 2.566 2.690 2.587 2.894 2.98 2.657 2.749 2.666
ρdmax (g/cm3) 1.890 1.800 1.46 1.520 1.46 1.272 1.563 1.430
wot (%) 12.1 14.5 26.7 24.8 31.5 37.7 22.9 29.8
ks (cm/s) 4.2 × 10−7 1.1 × 10−7 1.2 × 10−6 4.2 × 10−8 1.3 × 10−6 3.7 × 10−6 7.8 × 10−6 6.0 × 10−7

Figure 1. Experimental and modeled data of capillary 
rise. Soil C-4 of Lane & Washburn (1946).

CAICEDO.indb   199CAICEDO.indb   199 12/27/2012   4:58:58 PM12/27/2012   4:58:58 PM



200

since there are very few experimental data available. 
Zhang & Fredlund (2009) have used the instan-
taneous profile method to derive the hydraulic 
conductivity function. They have found that their 
experimental results could nicely be fitted using the 
two-parameter Gardner function (Gardner, 1958). 
Considering that, it was expect that the one param-
eter function should not fit the experimental data 
of those authors. However, an attempt was made 
to obtain optimized β and the results obtained are 
presented in Table 4.

Figure 2 shows an example of obtained func-
tion considering the two options of the Lu & Likos 
(2004b) model. As expected, the calculated curves 
departs from the experimental data, however they 
tended to follow it to some an extent, especially up 
to the air entry value of the soil.

3.2 Second part

Based on the promising results obtained so far for 
the ks and hc parameters, the optimization method 
of previewing the soil hydraulic properties was 
used to infer the properties of the eight different 
soils tested for capillary rise and saturated hydrau-
lic conductivity.

3.2.1 Capillary rise
The results of the capillary rise test of the eight sam-
ples tested are presented in Figure 3. The maximum 
time to reach the top of the specimen (100 mm) 
occurred for soil AV and was of about 24 hours. 
At a first glance, this can be considered an advan-
tage of this option of test to estimate soil hydraulic 
parameters, since other options of permeability tests 
demands much more time to be accomplished.

3.2.2 Capillary rise prediction
The same procedure used in the first part of this 
study was followed for the tested soils. All the test 

Table 2. Parameter (ks) obtained by the methods of 
Terzaghi (1943) and Lu & Likos (2004b).

Soil

Experimental 
ks
cm/s

Terzaghi 
ks
cm/s

Lu & Likos
ks
cm/s

Lane & Washburn (1946)
C-1 1.1 × 10−1 1.0 × 10−2 1.0 × 10−3

C-2 1.6 × 10−2 1.0 × 10−3 5.5 × 10−1

C-3 7.1 × 10−3 1.0 × 10−3 1.6 × 10−2

C-4 4.6 × 10−4 1.6 × 10−5 2.0 × 10−4

C-5 1.1 × 10−4 4.2 × 10−6 7.2 × 10−4

C-6 6.2 × 10−5 1.6 × 10−5 1.9 × 10−5

C-7 9.6 × 10−6 9.7 × 10−6 1.8 × 10−4

C-8 1.4 × 10−5 1.9 × 10−5 5.4 × 10−5

Zhang & Fredlund (2009)
CL 3 × 10−6–3 × 10−5 5.4 × 10−6 5.6 × 10−6

ML 1 × 10−5–3 × 10−4 1.2 × 10−5 1.7 × 10−5

SM 3 × 10−3–5 × 10−2 1.0 × 10−4 3.8 × 10−5

SC 2 × 10−5–4 × 10−4 5.6 × 10−6 3.1 × 10−5

Table 3. Parameter (hc) obtained by the methods of 
Terzaghi (1943) and Lu & Likos (2004b).

Soil

Experimental
hc
cm

Terzaghi
hc
cm

Lu & Likos
hc
cm

Lu & Likos (1)
hc
cm

Lane & Washburn (1946)
C-1 5.4 5.5 5.5 5.5
C-2 28.4 28.5 28.5 28.5
C-3 19.8 19.9 19.9 19.9
C-4 106 108 150 106
C-5 82 82 85 82.3
C-6 239.6 239.6 239.6 239.6
C-7 165.5 166 166 4000
C-8 360 361 360 467.6

Table 4. Parameter β of  the soils tested by Zhang & 
Fredlund (2009) obtained by the optimization method.

Soil

Lu & Likos
β
cm−1

Lu & Likos (1)
β
cm−1

CL 0.01 0.027
ML 0.01 0.005
SM 0.50 1.000
SC 0.10 0.100

Figure 2. Experimental and calculated hydraulic con-
ductivity function of soil CL tested by Zhang & Fred-
lund (2009).
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results of capillary rise were nicely fitted conside-
ring the optimized parameters and the mod-
els of Terzaghi (1943) and Lu & Likos (2004b). 
Figure 4 shows an example of such a fitting pre-
senting the experimental data and fitted curves of 
soil SI. The fitting of experimental data considering 
the three options yields practically the same curves. 
This is not a coincidence but a result of the fact that 
both options of Lu & Likos (2004b) method gave 
the best optimized parameters using only the first 
term of the series. In this situation, the equations of 
Lu & Likos and of Terzaghi yield closer values.

3.2.3 Saturated hydraulic conductivity (ks)
Table 5 shows a comparison between the experi-
mental and the values obtained using the optimiza-
tion technique and the models of Terzaghi (1943) 
and Lu & Likos (2004b).

In general values are closer or present variations 
of about one order of magnitude, with the opti-
mized values larger than the experimental ones. 
A possible reason for this deviation rests in the fact 
that the tests were performed without any ancillary 
device to improve the saturation of the samples. 
Thus some air bubbles are retained in the air voids 
leading to hydraulic conductivities that are lower 
than the real ones.

3.2.4 Maximum height of capillary rise (hc)
The values of the maximum height of capillary 
rise (hc) obtained were comparable for many of 
the tested soils when the models of Terzaghi (1943) 
and Lu & Likos (2004b) are considered as shown 
in Table 6. However, for the method to accomplish 
the optimization process for the second option of 
the Lu & Likos method, some maximum height 
of capillary rise results unrealistic. The maxi-
mum height of capillary rise was not planned to 
be measured in the tests, since the specimens used 
were only 100 mm.

Figure 3. Capillary rise in the eight soils tested.

Figure 4. Experimental and previewed results using the 
models of Terzaghi (1943) and Lu & Likos (2004b) with 
parameters obtained from optimization analysis. Soil: SI.

Table 5. Values of experimental saturated hydraulic 
conductivity (ks) and calculated using the optimization 
procedure.

Soil

Experimental 
ks
cm/s

Terzaghi
ks
cm/s

Lu & Likos
ks
cm/s

SI 4.3 × 10−7 5.6 × 10−6 8.7 × 10−6

SC 1.1 × 10−7 3.5 × 10−6 3.6 × 10−6

TD 1.3 × 10−6 2.5 × 10−6 1.8 × 10−6

AV 4.2 × 10−8 1.8 × 10−6 4.9 × 10−7

DC 1.8 × 10−6 3.0 × 10−6 3.0 × 10−6

IG 3.7 × 10−6 8.6 × 10−6 4.5 × 10−6

MA 7.8 × 10−6 4.5 × 10−6 3.5 × 10−6

IP 6.0 × 10−7 3.5 × 10−6 3.6 × 10−6

Table 6. Values of the maximum height of capillary 
rise (hc).

Soil

Terzaghi
hc
cm

Lu & Likos
hc
cm

Lu & Likos (1)
hc
cm

SI  80  80 1000
SC 300 300 9200
TD 150 210  293
AV 150 600 7830
DC 400 420  673
IG 150 300  351
MA 517 700  304
IP 350 600 3574
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Additional tests using longer soil specimens are 
planned and will help in checking the calculated 
values.

3.2.5 Gardner parameter β
Table 7 shows the values of parameter β, conside-
ring the model of Lu & Likos (2004b) in its two 
options. The option Lu & Likos(1) yielded, for 
most soils, values that are about one tenth of the 
values from Lu & Likos (2004). As in the case of 
hc there are not measured values for comparison, 
however the obtained results from the first option 
of Lu & Likos (2004b) are comparable with some 
values suggested in the literature for similar soils 
(Lu & Likos, 2004a). Some permeability tests for 
unsaturated soil are also planned and it is expected 
that the technique could be improved by searching 
for solutions for capillary rise that considers also 
two parameter hydraulic function.

4 CONCLUSION

This paper focused primarily in exploring the 
potential of combining capillary rise tests in speci-
mens of short height and a parameter optimiza-
tion technique to estimate hydraulic parameters of 
soil. The option has showed promising, especially 
in reproducing the capillary ascension of water in 
a soil. The obtained saturated hydraulic conduc-
tivities were closer to the measured ones, or have 
shown deviations of about one order of magnitude 
for most of the soils tested. Regarding the unsatu-
rated hydraulic conductivity, it was not possible to 
confirm the accuracy of prevision; however, for 
some of tested soils, the obtained results were close 
to the values reported in the literature. Additional 
tests and analysis are underway and it is expected 
that they could confirm the promising perform-
ance of capillary tests and optimization technique 
in obtaining hydraulic parameters of soils, espe-
cially those related to the hydraulic conductivity 
function.
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ABSTRACT: Non-invasive investigations are fast growing methods that are currently being used for 
many engineering purposes. These, so-called geophysical techniques can provide very accurate informa-
tion about the subsurface without causing any disturbance. This future is so important when dealing with 
the specific infrastructure that cannot be excavated (i.e., levees, road and railway embankments and earth 
dams). Most of these structures, which are located well below the ground water level, are considered unsa-
tured. During their lifetime, they undergo series of complex hydro-physio-mechanical variations, which 
in many cases causes permanent changes in their structure (i.e., creation of cracks). In presented study, 
an Electrical Resistivity Tomography (ERT) is employed to track the formation of desiccation cracks in 
drying soil. A 3-D physical models containing two different types of soil were used in order to observe the 
changes in crack pattern during soil desiccation.

et al., 2000). Shrinkage acting on the blocks can 
lead to shear planes forming beneath the surface of 
the soil, resulting in horizontal subsurface fissuring, 
leading to the separation of the desiccated blocks 
from the rest of the soil structure (Konrad & Ayad 
1997, Style et al., 2010). These fissuring networks 
may provide preferential flow paths when water 
levels are high, leading to embankment failures 
(Cooling & Marsland 1953, Marsland & Cooling 
1958).

A typical condition survey of flood embank-
ments consists of periodic, visual walk-along 
observations (Morris et al., 2007). Normally the 
surveys are carried out in the winter months, when 
vegetation is lower, allowing the soil surface to be 
observed (Perry et al., 2003, BS 7370-5:1998). How-
ever, vegetation can often remain sufficiently dense 
obscuring the soil surface and a general reduction 
in crack size during the wetter, winter months can 
make identification of fissures difficult, thus mask-
ing the severity of the problem.

To date, investigating the actual depth of fissur-
ing has only been possible through the excavation 
of trenches (a destructive technique) as carried out 
by Cooling and Marsland (1954) and Dyer et al., 
(2009). A non-destructive technique which can be 
used to detect and characterise fissures in the sub-
surface and on the surface where direct visual iden-
tification is inadequate is required. In particular a 

1 INTRODUCTION

Desiccation cracking in soils can result in con-
siderable change in the hydraulic and mechanical 
properties of existing structures. The significant 
increase in the hydraulic conductivity of the soil 
caused by desiccation cracking (Dyer et al., 2009) 
can create preferential paths for contaminant 
transport in the substrata (Armstrong et al., 1994, 
Rounsevell et al., 1999). Desiccation cracking has 
also been recognised as one of the major causes 
of the reduced performance of landfill covers and 
clay liners (Melchior 1997, Albright et al., 2006) 
and may lead to enhanced seepage and progres-
sive failures in flood embankments, as reported by 
Marsland (1957).

The formation of desiccation fissures in soils 
results from a rise in negative pore water pres-
sure (suction) within the soil, due to an air-water 
interface entering into a saturated medium (Shin & 
Santamarina, 2011). The onset of fissuring corre-
sponds to a change from the saturated solid-liquid 
state to the unsaturated solid-liquid-gas state (air-
entry) where air begins to replace water in the soil 
pores (Peron et al., 2009), causing the volumetric 
moisture content of the soil to reduce.

Continuous desiccation results in the separation 
of the soil into polygonal blocks, divided by a net-
work of fissures (Corte & Higashi 1964, Kodikara 
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method which allows for the identification of fissure 
networks, through the characterisation of polygonal 
blocks at the soil surface and the detection of sub-
surface fissuring would identify soil-barriers at risk 
of failure. Ideally such a method should also enable 
the monitoring of fissure development in earthwork 
structures, as well as tracking the seasonal changes 
in resistivity due to changes in soil moisture. Such 
monitoring would provide a better understand-
ing of the soil mass behaviour when subjected to 
extreme weather patterns and could act as an early 
stage detection system for earthwork structures.

2 ELECTRICAL RESISTIVITY 
TOMOGRAPHY

2.1 2-D and 3-D ERT in cracking detection

Electrical Resistivity Tomography (ERT) is a com-
monly used geophysical method for the imaging of 
shallow sub-surface targets. Recent improvements in 
resistivity equipment have resulted in improved qual-
ity and efficiency of complex surveys and advances 
in inversion software and computer technology have 
allowed for better modelling of resistivity data. Com-
mon uses of ERT include water and contaminate 
flows (de Lima et al., 1995, Bensom 1997, Martínez-
Pagán et al., 2010), in engineering site investigations 
(Rucker et al., 2009, Banham & Pringle 2011) locat-
ing buried artefacts or structures in Archaeological 
surveys (Tonkov & Loke 2006, Negri et al., 2008) as 
well as providing geological and hydrogeological site 
information (Ganerod et al., 2006).

Previous studies (Samouelian et al., 2003, 
Samouelian et al., 2004, Sentenac & Zielinski 2009) 
have identified Electrical Resistivity Tomography 
(ERT) as sensitive to fissures in the soil subsurface. 
Samouelian et al., (2003) first showed the sensitivity 
of ERT in mapping artificially created 2-D fissure in 
a silty loam. The study used a Wenner alpha Array 
and used the RES2DINV inversion software (Loke & 
Barker 1996, Loke 2010) to identify a contrasting area 
of high resistivity representing the fissure and lower 
resistivity representing intact soil. The authors con-
cluded that in order to accurately resolve the desicca-
tion fissures in a 2-D resistivity model, the creation of 
dedicated software was necessary. An inversion model 
for such software was discussed in a follow up paper 
by the same research team (Tabbagh et al., 2007).

In addition to their 2-D models, Samouelian 
et al., (2004) used 3-D resistivity monitoring to 
detect the onset of desiccation fissuring on a com-
pacted block of compacted material. Square arrays 
were used in the study in order to identify the dip 
angle of the fissures as they formed. The study 
showed resistivity areas at the surface of the 3-D 
model with high resistivity, relating to the positions 

of the fissures in the soil, although no clear images 
of the fissuring network were obtained from the 
resistivity scan. In addition the study showed an 
increase in the measured resistivity values with 
drying time, indicating a relationship between the 
apparent resistivity and the soil moisture.

Sentenac & Zielinski (2009) employed the use 
of miniature electrodes in a clay model in order to 
monitor the onset of desiccation fissures in a 2-D 
plane. The material used in the study was compacted 
boulder clay reclaimed from a flood embankment 
located in East Yorkshire (England) near city Hull. 
In the study, the Wenner-Schlumberger array was 
used in order to ensure that the survey was sensi-
tive to both vertical and horizontal fissures form-
ing in the clay (Konrad & Ayad 1997). Importantly 
the study revealed improvements in the RES2DINV 
inversion software allowing the vertical fissures to be 
accurately resolved. The study accurately resolved 
the positions of the vertical fissures as they formed, 
and revealed possible horizontal discontinuity owing 
to fissuring beneath the shear plane. Additionally 
the use of a conductive gel tracer was investigated 
in order to better visualize the fissuring.

This study aims to build on the previous work 
and show that resistivity measurements taken in 
both 2-D and 3-D using conventional resistivity 
equipment can monitor and map the onset of fis-
suring using miniature electrodes in a laboratory, 
and compare the results with field measurements 
from a desiccated embankment.

3 LABORATORY STUDY

3.1 3-D ERT model—material

Two separate physical models were created using 
different types of soil sourced from existing 
embankments, with the aim of investigating the 
influence of soil type on resistivity measurements. 
The first material (silty clay) was reclaimed from 
a disused flood embankment located near Thorn-
gumbald along the Humber estuary in England. A 
full description of the soil properties can be found 
in Ghataora et al., (2007). The second material 
(boulder clay) was obtained during the construc-
tion of a flood embankment near Galston in East 
Ayrshire, Scotland. The properties of the boulder 
clay are described in Zielinski et al., (2011).

3.2 3-D ERT model—experimental setup

The physical model used in this study was a square 
section of compacted embankment clay, designed 
to simulate a section of the embankment crest sub-
jected to drying. The clay was contained within 
a wooden box of dimensions 0.6 × 0.6 × 0.2 m, 
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which was lined with Perspex with an attached 
geo-membrane, which was used to minimise the 
shrinkage of the soil, thus simulating the restrain-
ing effect of a massive compacted structure.

Both soils were air dried, crushed and sieved in 
order to remove any stones and large organic mat-
ter that could influence the measurements. Once 
crushed, the soil was wetted by spraying water onto 
the dry soil and mixed manually. To achieve consist-
ent moisture content, the soil was mixed in batches 
of 10 kg (dry mass) with the container placed on 
an electronic balance to monitor the water added. 
The target water content of the models was wet of 
optimum (i.e. at a water content greater than that 
required to achieve maximum density), at 22% for 
Thorngumbald and 20% for Galston, to ensure 
that a significant amount of shrinkage of the soil 
would occur. Once the soil was mixed it was stored 
in air tight containers for 48 hours to ensure fur-
ther homogenisation of water content throughout 
the soil. The wet soil was then compacted using a 
wooden plate of 0.6 by 0.6 m onto which a 6 kg ham-
mer was dropped from a height of approximately 
0.5 m. This procedure ensured that a smooth sur-
face was created during compaction enabling easy 
identification of early fissures. Once compacted 
the model was soaked by spraying water onto the 
exposed surface of the soil, which was then covered 
for three days to ensure homogenisation of the soil.

One hundred and forty four Electrodes were 
fabricated using 0.65 mm diameter stainless-steel 
pins (Fig. 1) and inserted into the soil to a depth of 
approximately 1 cm in the arrangement presented 
on Figure 2. The diameter was kept deliberately 
small to minimise the impact of  the electrode on the 
surrounding soil so as not to influence the forma-
tion of the fissures and to minimise the deviation 
from an ideal point source due to the “electrode 
effect”; i.e. the effect of  the physical size of  an elec-
trode on the apparent resistivity measurement.

The depth of electrode insertion was 1 cm which 
gave an electrode length to electrode spacing ratio 
of 0.22, just above the “critical” ratio of 0.2 defined 
by Rucker and Gunther (2011); a much deeper 
insertion would have increased the ratio resulting 
in greater uncertainty of measurement, whereas a 
shallower depth of insertion would have provided 
poorer contact between electrode and soil, increas-
ing the contact resistance.

The contact resistance was observed to be high 
with values of close to 8000 ohms recorded for the 
model in the final stages of drying, compared to 
600 ohms for the initial model. In order to achieve 
a good contact between the soil and electrodes, 
water was sprayed onto the base of the electrodes 
prior to each measurement which reduced the 
resistance to more acceptable value of around 
1800 ohms.

3.3 3-D ERT model—experimental procedure

The experiment using the Thorngumbald clay was 
allowed to desiccate naturally with the surface left 
exposed. Resistivity measurements were taken at 
regular intervals over the three sections with both 
the Schlumberger and Dipole-Dipole arrays. The 
period between scans was increased as observed 
model changes reduced. Measurements were dis-
continued after 65 days of drying, when no further 
evolution of fissuring was observed.

Slightly different procedure was applied to the sec-
ond model containing Galston clay. Accelerated desic-
cation was induced in the Galston model by applying 
heat from a 1200 W infra-red (IR) lamp. Moreover, 
three separate drying and wetting periods were applied 
to the model in order to investigate the influence of 
changing hydraulic conditions on the crack forma-
tion and its detection using ERT. Measurements were 
taken regularly using the Schlumberger array and 
with the Dipole-Dipole array on the final model.

4 RESULTS AND DISCUSSION

4.1 Surface fissuring

The evolution of the surface fissuring pattern on 
the two soil models can be seen in Figure 3a and 

Figure 1. Miniature stainless-steel electrodes.

Figure 2. Electrodes and survey grids arrangement.

CAICEDO.indb   205CAICEDO.indb   205 12/27/2012   4:58:59 PM12/27/2012   4:58:59 PM



206

4a, with the corresponding top layers of the 3-D 
resistivity models in Figures 3b and 4b. The Thorn-
gumbald model showed a gradual growth of fissures 
evolving to a fully interconnected network at the 
surface after 9 days of drying time, with only a small 
increase in fissuring width, to a maximum of 1.5 cm 
observed. The Galston model as expected showed a 
more rapid evolution of the fissuring network, with 
initial fissures observed on the surface after 4 hours 
of IR drying. The fully developed fissuring pattern 
had evolved after a further 16 hours of IR dry-
ing and no increase in fissure width was observed 
after this point. In both cases the models displayed 
clear separations along the fissures into polygonal 
blocks demonstrating the surface interconnection 
as discussed by Corte and Higashi (1964), Kodikara 
et al., (2000) and Konrad and Ayad (1997).

Both Figures 4b and 5b show high resistivity anom-
alies corresponding with the positions of the fissures, 
contrasted with the lower resistivity of the intact soil. 
The results are consistent with the findings of pre-
vious works (Samouelian et al., 2003, Samouelian 
et al., 2004, Sentenac and Zielinski 2009).

Clear similarities can be seen between the shape 
and position of the high resistivity anomalies on the 
top surface of the resistivity models and the fissuring 
network observed on the physical soil model: the grids 
applied to the displayed models show that the posi-
tion and lengths of the major fissures are consistent.

From these results it can be concluded that at 
this scale the surface fissuring network can be suf-
ficiently mapped in terms of the psuedolocation of 
fissures and the characterization of the resultant 
polygonal blocks. The fissure width resolved using 
inversion software is larger than the fissure width 
observed on the physical model as can be seen in 
Figures 4 and 5. The fissures shown in the Voxler 
plot (Fig. 5) of the top layer of the Thorngum-
bald model show the width of the anomalies to be 
4.5 cm, equal to the electrode spacing. From these 
results it can be concluded that at this scale the sur-
face fissuring network can be sufficiently mapped 
in terms of the psuedolocation of fissures and the 
characterization of the resultant polygonal blocks.

The fissure width resolved using inversion soft-
ware is larger than the fissure width observed on the 
physical model as can be seen in Figures 4 and 5. 
The fissures shown in the Voxler plot (Fig. 5) of 
the top layer of the Thorngumbald model show the 
width of the anomalies to be 4.5 cm, equal to the 
electrode spacing. This compares with the actual 
maximum fissure width of 2 cm measured on the 
physical model. This perhaps reveals a weakness 
of the method, in that two or more fissures falling 
between the same measured sections of an array 
would likely be resolved as a single anomaly.

This effect can be observed in the Galston model 
shown in Figure 6, where a large number of small 

Figure 3. Development of fissuring for Thorngumbald 
model: (a) photographs showing surface fissures, 
(b) resistivity model from combined data sets; first model 
layer (z = 0.01 m), (c) vertical slice at x ≈ 38 cm.

Figure 4. Development of fissuring for Galston model: 
(a) photographs showing surface fissures, (b) resistiv-
ity model from combined data sets; first model layer 
(z = 0.01 m), (c) vertical slice at x ≈ 38 cm.

Figure 5. Depth slices for Thorngumbald 3-D lab model 
after 1056 hours showing relative position of bisecting 
fissures (a) Schlumberger (b) Dipole-Dipole (c) Com-
bined model.

fissures fall between the electrodes at indicated 
points: these fissures can be seen as a single large 
anomaly, which in certain situations would act to 
mask the severity of the problem. This is of par-
ticular importance when considering field measure-
ments, electrode spacings far larger than those used 
here will be required to make a field survey efficient.
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4.2 Subsurface fissuring

The resistivity model shown in Figures 3c and 4c 
shows an apparent increase in fissure depth with 
drying time.

From the results of both models it can be 
observed that the combined array satisfactorily 
resolves the fissures forming in the subsurface in 
terms of their estimated depths and their surface 
positions. Figures 5 and 6 show orthogonal planes 
of the resistivity models for the Thorngumbald 
and Galston models displaying the resolution of 
fissures at the surface and in the subsurface.

In terms of the observed pattern of fissures and the 
polygonal blocks formed the Schlumberger and com-
bined model provide accurate resolution of the sur-
face fissuring in both the Thorngumbald (Figures 5a 
and c) and the Galston models (Figs. 6a and c).

The Dipole-Dipole model shows large inaccu-
racies in the mapped surface for both the Thorn-
gumbald and Galston model (Figs 5b and 6b). The 
reason for the errors can perhaps be due to poor con-
tact between the electrodes and the dry soil, which 
is known to affect Dipole-Dipole measurement.

From the models presented in Figure 5 and 6 it 
can be seen that both the Schlumberger and Dipole-
Dipole arrays when combined can be used to map 
surface fissures in a clayey soil, although poor contact 
between the soil and electrodes may result in errors, 
particularly when using the Dipole-Dipole array.

This is particularly important when considering 
a long term ERT monitoring, where dry soil is likely 
to be encountered during the summer months. 
Additionally the use of Schlumberger, Dipole-
Dipole and a combination of the two can be used 
to visualize fissuring in the subsurface, although as 
with all resistivity problems resolution is reduced 
with depth and inaccuracies can be observed par-
ticularly in regions with low data coverage. Addi-
tionally some overestimation of the fissuring depth 
was observed particularly from the Dipole-Dipole 
model. This again may be a result of inaccuracies 
due to high contact resistances or may also be due 
to the effect of the electrode length, which was 

slightly above the critical length required to result 
in increased uncertainties (Rucker & Gunther, 
2011).

As expected a model created from a combined 
Dipole-Dipole and Schlumbeger data provided the 
most accurate model owing to the increased data 
coverage and the complementary nature of the two 
arrays. In particular the model shows improved 
accuracy when considering the resolution of 
fissures in the subsurface. The accuracy of the 
model is obviously dependent on the quality of the 
data obtained from both scans.

5 CONCLUSIONS

The study presented here has shown that under 
laboratory conditions desiccation fissuring in a 
soil mass can be monitored and mapped in 3-D 
using miniature ERT. The maps produced for the 
inverted resistivity data enabled the interconnec-
tion between fissures at the surface to be identified 
and the results presented indicate that fissuring in 
the subsurface was also detected. The polygonal 
blocks resulting from the fissured networks were 
successfully characterized and compare well with 
those observed on the physical model; their detec-
tion and monitoring in the laboratory suggests that 
where vegetation obscures the fissures 3-D ERT 
can be used as a diagnostic technique allowing the 
extent and severity of such defects to be analyzed.

Two array types were tested and it has been 
demonstrated that a combined survey using both 
Schlumberger and Dipole-Dipole array produced 
the most accurate resistivity maps, based on the 
surface fissures and on the observations made of 
exposed fissures after dissection. The Schlumberger 
method was found to be the better of the two and 
is recommended by the authors for future mapping 
of fissured networks where time constraints apply, 
due to its shorter survey time and sufficiently good 
resolution.

The method presented demonstrates an easily 
replicable technique which can be applied in the 
field; though further research is required into the 
effect of up-scaling the survey to a conventional 
size before the method can be used as a standard 
technique.
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Preferential flow and mass transport modeling 
in a heterogeneous unsaturated soil
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ABSTRACT: This paper aims at studying the impact of soil heterogeneity on both flow and solute trans-
port processes in a large physically based model, LUGH (Lysimeter for Urban Groundwater Hydrology) 
and 3D numerical modeling. Sand and a sand-gravel bimodal mixture soils were settled using a heteroge-
neous structure to represent the dip of layers of vadose zone heterogeneity observed under an infiltration 
basin of Lyon (France). Water and tracer were injected in a pulse mode using a rainfall simulator and 
15 breakthrough curves were collected at the bottom. These data clearly pointed out the establishment 
of preferential flow resulting from both capillary barrier and soil layer dip effects. Numerical modeling 
helped to better identify the mechanisms responsible for heterogeneous transfers and to establish the link 
between soil structure heterogeneity and preferential flow and solute transfer.

lysimeters, especially in Europe, are implemented 
in the field (Lanthaler, 2004). The construction 
and monitoring of these large-scale experiments 
is accurate but time consuming and expensive. In 
addition, they have difficulties in interpretation 
associated with transient flow regimes coupled 
with the soil profile heterogeneity and the coupling 
between different physical, chemical and biologi-
cal nonlinear processes (Kaskassian et al., 2009; 
2012). Strong simplifying assumptions must then 
be applied. Therefore, laboratory lysimeters were 
developed to test and validate models that couple 
different processes (i.e., 3D process) and to be able 
to take into account the effect of heterogeneity. 
They constitute an intermediate approach between 
leaching behavior under field conditions and labo-
ratory leaching tests like small laboratory columns 
(Hansen et al., 2000).

Lysimeters are generally classified according to 
their size, filling method and effluent collection 
method (Bergstrom, 1990). Those for which the 
soil profile is reconstructed are acceptable for grav-
elly or sandy soils and have a low-construction 
cost (Lanthaler, 2004). On the other hand, with 
a reconstructed soil, it is possible to control both 
the structural arrangement and texture of the 
materials. According to how the water is drained, 
there are two popular types of lysimeters: free 
drainage systems and suction-controlled (i.e., 
pressure-controlled) systems. For the first type, 
water flows freely outside the lysimeter by grav-
ity. For the suction-lysimeter, percolated water is 
collected by applying suction pressure at the outlets 

1 INTRODUCTION

The structure of the vadose zone plays a major 
role in the transfer of water and solute. Its high 
heterogeneity is the cause of so-called preferen-
tial flow which is the source of a wide disparity in 
time of occurrence of pollutants in groundwater 
(Parker & Albrecht, 1987; Flury et al., 1994). It 
is therefore necessary to understand how the soil 
structural heterogeneity impacts both water and 
mass transfer in order to preserve the groundwater 
resource. From a hydrodynamic point of view, it 
is possible to consider that these preferential flows 
occur in areas involving significant variation of 
unsaturated hydraulic conductivity with respect to 
adjacent materials (Miyazaki, 1998; Kung, 1990; 
Steenhuis et al., 1990; Heilig et al., 2003).

For over 300 years, the lysimeters were devel-
oped for soil science (Grebet & Cuenca, 1991). 
Lysimeters, “a device which isolates, between the 
soil surface and a given depth, a volume of soil and 
comprises at its base a recovery system for perco-
lating water” (Muller, 1996) are effective tools to 
study hydrological processes in the vadose zone 
and the transfers of pollutants applied from the 
soil surface (heavy metals, organic compounds, 
radionucleides…) (Lanthaler, 2004).

From data measured in lysimeter, numerical 
models for water and solutes transfer are verified 
and the results are then transferred to larger scales. 
A major challenge for research is the improve-
ment of models with accurate measurement meth-
ods (Hansen et al., 2000). Today, the majority of 
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(suction plate or suction cups) (Lanthaler, 2004). 
The second type is generally more difficult to con-
trol (Bergstrom, 1990). In addition, the suction-
application device can be altered by interactions 
with water and solutes and clogging mechanisms 
(Rimmer et al., 1995; Goyne et al., 2000).

Given the difficulty of studying the coupled 
processes between physical, geochemical and bio-
logical compartments, the device LUGH (Lysim-
eter for Urban Groundwater Hydrology) was 
developed to study the influence of unsaturated 
soils heterogeneity on mass transfer (Bien et al., 
2011, Figure 1). The objective of this paper is to 
quantify the impact of soil heterogeneity on pref-
erential flow of water and a conservative tracer 
under unsaturated conditions. We describe the 
results of our laboratory study on the effect of cap-
illary barrier on preferential flow and non reactive 
solute transport. The conclusions are established 
on the basis of the comparison between experi-
mental data and the numerical simulations.

2 FLOW AND TRANSPORT MODEL

The mass conservation of the fluid phase in a 
three-dimensional unsaturated condition can 
be represented by the Richards (1931) equation 
(Haverkamp et al., 2006):

C h
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where, Ca = ∂θ/∂h = capillary capacity [L−1]; K(h) = 
unsaturated hydraulic conductivity; h = capillary 
pressure head; H = h + z = hydraulic head; z = 
vertical distance measured upward. Unsaturated 

hydraulic properties are represented by van 
Genuchten (1980) relationship and Mualem capil-
lary model (1976):
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where θr and θs = residual and saturated volumetric 
water content, respectively; α = scale parameter for 
capillary pressure head; n and m = shape param-
eters; Ks = saturated hydraulic conductivity.

The solute transport in porous media can be 
modeled by considering molecular diffusion, 
hydrodynamic dispersion, to obtain the following 
equation (Bear, 1972):

∂
∂

= ∇ ∇ − ∇
θ θcθθ
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(4)

where C = solute concentration in the liquid; 
D = hydrodynamic dispersion coefficient; q = Darcy 
velocity for the liquid solution.

3 MATERIAL AND METHODS

LUGH consists of a monolith (1×1.6×1 m3) of com-
pacted soils. Two materials: sand (0–2 mm in diam-
eter) and a bimodal mixture (50% sand-50% gravel 
4–12 mm in diam.) were used to represent two lay-
ers of the same glaciofluvial deposit current in the 
region of Lyon (France) (Goutaland et al., 2008).

A rainfall-simulator is used to apply a constant 
flow at a fraction of surface (no flux for the rest) 
and create an unsaturated infiltration flow. It also 
allows to apply a conservative tracer (Br−, C0 = 0.01 
M L−1). The bottom of LUGH is composed by 15 
blocks (0.32×0.32 m2) that support the soil and 
allow both free drainage and separate collection of 
eluted water. The blocks are named in matrix form 
in 3 lines (A, B, C) and 5 rows (1 to 5, Figure 1). Soil 
volumetric water content is measured using 6 TDR 
sensors (Time Domain Reflectometry, model CS616, 
Campbell Scientific, Logan, UT) (Figure 2).

Two sets of experiments were performed: (1), test 
E1, LUGH filled only with the bimodal mixture 
sand-gravel and an infiltration flux q1 of 3.28 m j−1 
(40 L h−1), and (2), test E2, LUGH filled with two 
layers of sand over bimodal mixture (Figure 2) and 
an infiltration flux q2 of 0.328 m j−1 (4 L h−1). Prior to 

Figure 1. Schematic diagram of LUGH: simulated 
rainfall (water & tracer) on top, central computer for 
operation managing TDR multiplexing data acquisition, 
15 breakthrough curves sampled for tracer analysis (row 
1 till 5 and line A till C).
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injection of the pulse of tracer, infiltration continues 
until the establishment of steady-state flow regime. 
The tracer is then applied for 45 minutes for test 
E1 in order to supply a volume of solute V0, which is 
equivalent to ½ of the volume of water contained in 
the lysimeter (i.e., 30 L of solute), and during 8h for 
test E2 in order to supply the same quantity of sol-
ute as in E1 experiment (no tracer in the soil before 
the pulse injection). The 15 solute breakthrough 
curves of each experiment are analyzed using a sys-
tem dynamics approach, i.e., moment method and 
resident time analysis (Gaudet & Vauclin, 2005). 
The hydrodynamic characteristics, θ(h) and K(h), 
of sand and bimodal mixture are estimated using 
BEST (Lassabatere et al., 2006) and method of 
Mubarak et al. (2009) (Table 1). The hydrodynamic 
dispersion coefficient is obtained through numeri-
cally inverting the 15 experimental elution curves. 
COMSOL Multiphysics software package was used 
for both water and solute numerical calculations 
(COMSOL AB, 2008).

4 RESULTS AND DISCUSSION

Test E1, in a homogeneous medium, is used to vali-
date both the model and the hydrodynamic param-
eters of the bimodal mixture. The results show a 
vertical-gravity-driven flow with a low lateral dif-
fusion (Figure 3). The good agreement between 
measured and calculated elution curves allowed 
us to validate both the model and the estimated 

hydrodynamic parameters at the LUGH scale 
(Figure 4). Breakthrough elution curves (BTC) 
are presented in dimensionless variables, C/C0 as 
a function of V/V0, where V = volume of water 
injected in the system since the beginning of sol-
ute pulse injection. These variables are used to 
compare the different experimental conditions. 
The BTC are analyzed by calculating the temporal 
moments of order 1 and 2. The first order moment 
allows for calculating both the solute mass bal-
ance and mean residence time. The variance of the 
breakthrough curve is obtained from the moments 
of order 1 and 2.

We found identical values for residence time from 
the experimental data or from modeling (Table 2). 
Bromide elution curves for test E1 can be divided into 
two groups with values of residence time of the same 
order of magnitude: a group with comparable peak 
concentrations (rows 2, 3 and 4) and a group with 
lower peaks on the sides (rows 1 and 5) (Figure 4). 
Modeling helps to understand these differences due 

Figure 2. Heterogeneous soil profile mimicking a dip 
angle between two layers from a sedimentary deposit, 
location of 6 TDR probes along the interface.

Table 1. Dry bulk density (ρd) and hydraulic parameters 
(Eq. 2 and 3) for sand and bimodal mixture.

ρd 
(kg m−3)

θ r 
(m3 m−3)

θ s 
(m3 m−3)

n 
(-)

α 
(m−1)

Ks 
(m s−1)

Sand 1634 0.023 0.377 3.28  4.40 8.9 × 10−5

Mix 1794 0.019 0.329 3.30 10.15 8.3 × 10−5

Figure 3. Volumetric water content field, θ (m3 m-3) and 
darcian flux vector field (arrows) for test E1; comparison 
of simulated (curve) and measured volumetric water con-
tent (dots + 0.03 m3 m-3) for the vertical hydric profile at 
the center of LUGH (output 3).

Figure 4. Bromide measured (dots) and calculated 
(lines) breakthrough curves for test E1 and in function 
to rows; each curve correspond to the line averaged elu-
tion curve.
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to the experimental setup. Indeed, the differences 
between the two groups are due to the effect of the 
experimental higher boundary condition (applica-
tion of solutes and water) which produces a more 
humid area in the center thereby increasing pressure; 
the flow is then deflected laterally carrying the solute 
to outputs 1 and 5. This effect is due to the finite 
geometry of the lysimeter and would not have taken 
place in a semi-infinite soil profile.

The intersection of the curves K(h) to the value of 
critical pressure head hc = −0.025 m, shows the pos-
sibility of existence of a capillary barrier between 
the two materials depending on the hydric history 
(Figure 5). This is verified by modeling the test E2 
where the values of water pressure heads calculated 
along the interface correspond to capillary pres-
sure less than hc. The capillary barrier deflects the 
flow within the sand layer and generates a preferen-
tial flow along the interface as shown by both the 
streamlines and velocity field (Figure 6). Below the 
interface, the flow returns to the vertical direction. 
The calculated and measured volumetric water con-
tent of the sand increases at the interface and even 
reaches saturation (data not shown) (Figure 7).

For outputs 4 and 5 located below the infiltra-
tion surface, the breakthrough curve of row 4 has 
a greater value of maximum concentration and 
with an earlier breakthrough as compared to row 
5. Row 3 breakthrough curve shows both a greater 
maximum and smaller spreading than row 5 while 
it is furthest from the infiltration surface. However, 
their residence times are similar (Table 2). In the 
case of test E2, the maximum of the breakthrough 
curves row 4, 3, 2 and 1 progressively decreases as 
the distance to the infiltration area increases. This 
is the result of the combined effect of the capil-
lary barrier, which depends on the history of water 
and the slope of which depends on the structure 
of LUGH. Moreover, it appears that the effect of 
preferential flow is slightly overestimated by the 
model because the calculated elution curve of row 
1, test E2 (Figure 7) arrives later than the measured 
one due to a wall effect caused by the accumulation 
of water on the left side of LUGH (Figure 6).

Table 2. Experimental values of solute residence time, 
Ts (h), for tests E1 and E2; each value is the average of 
rows A, B and C of the same output 1 to 5; values in 
parenthesis indicate the standard deviations.

Test Tow 1 Row 2 Row 3 Row 4 Row 5

E1 exp 4.00 2.23 1.85 2.31 4.77
 (±0.37)  (±0.14)  (±0.14)  (±0.20)  (±0.42)

E1 calc 4.70 2.42 1.97 2.42 4.72
E2 exp 120.2 36.1 24.3 19.1 26.0

 (±0.1)  (±1.8)  (±5.4)  (±1.3)  (±3.6)
E2 clac 44.0 36.8 27.0 19.7 24.5

Figure 5. Hydraulic conductivity as a function of water 
pressure head, K(h), using van Genuchten-Mualem rela-
tionship for sand and mixture sand-gravel; the critical 
pressure head is hc = -0.025 m.

Figure 6. Volumetric water content field, θ (m3 m-3), 
darcian flux vector field (arrows) and stream-lines for 
test E2.

Figure 7. Bromide measured (dots) and calculated 
(lines) breakthrough curves for test E2; each curve is the 
average of rows A, B and C of the same output 1 to 5.

The standard error of the residence time calcu-
lated for rows A, B and C depend on the output 
row number. For E1, rows 1 and 5, the standard 
deviations are greater than for rows 2, 3 and 4 
(Table 2). This is probably due to changes in the 
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infiltration rate; i.e., for an output that is away 
from the infiltration surface, the heterogeneity of 
the breakthrough curves will be more important.

For E2, under the combined effect of the capillary 
barrier, the slope of the interface and variations in 
the flow of infiltration, the standard deviations are 
large enough in rows 3 and 5 where the flow is mainly 
gravity driven, by comparison with row 2 where it 
has a higher capillary component (see the shape of 
the streamlines under the interface, Figure 6).

The solute is transferred homogeneously through 
the sand. The plume is then deformed by the pres-
ence of the capillary barrier and the slope of the 
interface (Figure 8). After stopping the supply 
of solute (t = 0), the amount of solute present in 
the soil is pushed by water along the preferential 
direction of flow (t = 12 and 24h). The maximum 
concentration moves along the interface showing 
the preferential transfer in the lysimeter.

5 CONCLUSIONS

LUGH results show the important and significant role 
played by the initial conditions and system bounda-
ries on water flow and solute transport. Indeed, for 
the homogeneous case (test E1), we have seen that 
gravity flow process plays an important role in the 
flow pattern below the infiltration zone while capil-
lary flow process determines both the spreading and 
velocity of the solute plume in areas on both sides of 
the lysimeter (rows 1 and 5). For the heterogeneous 
case (test E2), the results show a delay in transfer of 
solute due to the lateral extension of the plume at the 
interface between the materials. Water and solute are 
then deflected beyond the supply surface.

The comparison between experimental and mod-
eled data is very satisfactory. Thus, the numerical 
simulations are of great interest in the explanation 
of the transfer process. It allows us to pre-design 
other tests by performing a flow-sensitivity analy-
sis of all the hydrodynamic parameters and both 
the initial and boundary conditions. The first 
results of the pilot LUGH demonstrated the role 
of sedimentary type heterogeneity of the unsatu-
rated zone on mass transfer processes.

The analysis of 15 elution curves and the cal-
culation of residence time give comparable results, 
confirming the numerical modeling. Tests con-
ducted at very low Darcy velocity will help us to 
better understand the relationship between the 
flow and mass transfer on one hand and behav-
ior of the heterogeneous soil at low saturation on 
the other hand. In unsaturated soil condition, the 
effect of capillary barrier on the development of 
preferential flow is increased. This effect is highly 
dependent on soil water history.

This work shows the great interest to conduct 
a very precise 3D modeling to analyze laboratory 
experiments on a finite volume of soil, whatever 
its size. The variability of the velocity field, wall 
effects and the boundary conditions are parame-
ters that must be taken into account when studying 
nonlinear solute transfer phenomena.
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Influence of cracks on soil water characteristic curve

S. Azam, M. Ito & F. Khan
University of Regina, Regina, Saskatchewan, Canada

ABSTRACT: The soil water characteristic curve was determined for two cracked soils of Saskatchewan, 
Canada. Using high quality undisturbed field samples, both soils indicated bimodal curves comprising of 
two air entry values. The fissure AEV (associated with drainage through cracks) and the matrix AEV (related 
to seepage through soil matrix) were found to be 10 kPa and 300 kPa for the expansive clay in Regina and 
5 kPa and 100 kPa for the cemented sandstone at Avonlea. The appropriate parameter on the ordinate for 
presenting the curve is water content for expansive soils and degree of saturation for erodible soils.

The surface sediments in southern Saskatch-
ewan, Canada, are derived from extensive physical 
weathering (scraping, deposition, overburdening, 
and reworking of materials) by up to seven glacial 
advances and retreats (Christiansen & Sauer 2002). 
The last glaciation known as the Wisconsinan 
(23,000 years BP to 17,000 years BP) extended 
throughout the entire province. The up to 1000 m 
thick ice sheet started to retreat in the north-
eastwardly direction around 17,000 years BP. 
According to Mollard et al. (1998), this process 
was completed around 8000 years BP when the 
essential features of the present landform emerged 
including moraines and eskers. Two local soils are 
of particular concern because of their problematic 
engineering features. The expansive clay in Regina 
shows large swell-shrink deformations whereas the 
cemented sandstone at Avonlea exhibits extensive 
slope stability issues. Both of these soil responses 
are due to changes in water availability that, in 
turn, are derived from periodic weather variations 
in a predominantly semi-arid climate. Because of 
the glacial overburden removal, both of these soils 
show hair-line discontinuities within the surface 
layer. Clearly, a glacial geology and a semi-arid cli-
mate govern the behavior of natural soils in this 
part of the Canadian prairies.

The main objective of this paper was to under-
stand the water retention behavior of two natural 
soils possessing cracks, namely; Regina clay and 
Avonlea sandstone. The geotechnical index prop-
erties of the materials were determined for pre-
liminary soil assessment. Likewise, the soil water 
characteristic curves were determined using high 
quality undisturbed samples collected as part of 
separate site investigation programs.

1 INTRODUCTION

The soil water characteristic curve (SWCC) is a 
continuous sigmoid function that correlates the 
presence of water with suction. This curve describes 
important features of soils when their saturation 
state is altered. Soils remain fully saturated with 
increasing suction up to the air entry value (AEV) 
when air starts to enter into pore spaces under 
capillarity. Thereafter, soils continuously lose 
water with increasing suction until the residual 
state. The remaining water is difficult to force out 
and complete soil desiccation requires a suction 
of 106 kPa. The curve comprises of three straight-
line portions: a horizontal line from saturation to 
the AEV; a steep downward slope from the AEV 
to the residual state; and a flat downward slope 
from the residual state to the completely dry state. 
The curve shape is affected by the following soil 
properties: (i) grain sizes and soil microstruc-
ture that influences pore tortuousity; (ii) dry unit 
weight that is related to the total void space in a 
soil; and (iii) clay mineral types and amounts that 
dictate the amount of adsorbed water.

The above-mentioned SWCC works well for 
compacted clays and well-graded sandy soils. 
However, natural soils deviate from this conven-
tional behavior owing to the presence of cracks 
that are primarily derived from over-consolidation 
and desiccation. This is particularly the case for 
surface soils where most construction activities 
take place. Theoretically, soil discontinuities affect 
the water flow pattern by encouraging the initial 
water migration through the cracks before the 
commencement of water movement through the 
pore system within the soil (Fredlund et al., 2010).
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2 GEOTECHNICAL INDEX PROPERTIES

The geotechnical index properties were determined 
according to the ASTM test methods as follows: 
(i) field water content (w) by the Standard Test 
Methods for Laboratory Determination of Water 
(Moisture) Content of Soil and Rock by Mass 
(D2216-05); (ii) field dry unit weight (γd) by the 
Standard Test Method for Density of Soil in Place 
by the Drive-Cylinder Method (D2937-10); (iii) spe-
cific gravity (Gs) by the Standard Test Methods for 
Specific Gravity of Soil Solids by Water Pycnometer 
(D854-10); (iv) liquid limit (wl), plastic limit (wp) and 
plasticity index (Ip) by the Standard Test Methods 
for Liquid Limit, Plastic Limit, and Plasticity Index 
of Soils (D4318-10); and (v) grain size distribution 
by the Standard Test Method for Particle-Size 
Analysis of Soils (D422-63(2007)). The entire grain 
size distribution data is not given in this paper.

Table 1 provides a summary of the geotechnical 
index properties of the investigated soils. Despite 
a closely matching specific gravity, the Regina clay 
had a dry unit of 1.34 g/cm3 and a void ratio of 
1.05 whereas the Avonlea sandstone had a dry unit 
of 1.61 g/cm3 and a void ratio of 0.7. This indicates 
the finer and fissured nature of the former deposit 
and the coarser and dense nature of the latter sedi-
ment. Furthermore, the two materials were found 
to be quite different from one another in terms of 
their water adsorption capacity. The Regina clay 
was characterized by a high liquid limit (83%) and 
plasticity index (53%) that is attributed to the pres-
ence of expansive clay minerals in the soil (Ito & 
Azam 2009). In contrast, the Avonlea sandstone 
exhibited a lower liquid limit (39%) and plasticity 
index (8%) because of the predominance of non-
clay minerals such as quartz, calcite, and feldspar 
(Imumorin & Azam 2011). These observations 
correlated well with the clay size fraction that 
measured 66% and 13% for the two sediments, 

respectively. Based on the Unified Soil Classifica-
tion System (USCS), the Regina clay was classified 
as CH (clay with high plasticity) whereas the Avon-
lea sandstone was classified as SM (silty sand).

3 WATER RETENTION BEHAVIOR

The SWCC was determined according to the 
ASTM Standard Test Methods for Determination 
of the Soil Water Characteristic Curve for Desorp-
tion Using a Hanging Column, Pressure Extrac-
tor, Chilled Mirror Hygrometer, and/or Centrifuge 
(D6836-02(2008)e2) on 10 mm thick samples 
obtained from undisturbed cores. Predetermined 
suction values were applied using pressure plate/
membrane extractors manufactured by Soil Mois-
ture Equipment Inc. The porous plates and the cel-
lulose membranes were submerged in distilled and 
de-aired water for 24 hours to expel air bubbles. 
Thereafter, the specimens along with the retaining 
ring were placed on their respective porous plate 
or cellulose membrane and allowed to saturate. 
Next, the excess water was removed and each plate 
or membrane was placed in the designated extrac-
tor. For each suction value, the expelled water from 
the samples was monitored in a graduated burette. 
When two consecutive readings nearly matched 
over a 24 hour period, the test was terminated and 
the sample water content was determined.

For Regina clay, test data were compared with 
estimations using a unimodal equation (Fredlund 
et al., 2000) that utilized the geotechnical index prop-
erties (w, Gs, and γd) and the best fit of the measured 
GSD data (Fredlund et al., 2002). Based on a phys-
ico-empirical approach, the computer software of 
SoilVision Systems Ltd. divided the GSD into uni-
form particle sizes, each size assigned an individual 
SWCC calculated from the database of measured 
SWCC, and all summed to develop the entire curve.

Table 1. Summary of geotechnical index properties.

Property
Regina
clay

Avonlea
sandstone

Field Water Content, w (%) 31 5
Field Dry Unit Weight, γd (g/cm3) 1.34 1.61
Specific Gravity, Gs 2.75 2.73
Field Void Ratio, e* 1.05 0.7
Field Degree of Saturation, S (%)† 81 20
Liquid Limit, wl (%) 83 39
Plastic Limit, wp (%) 30 31
Plasticity Index, Ip (%) 53 8
Clay Size Fraction, C (%) 66 13
USCS Symbol CH SM

* e = (Gs γw/γd) −1
† S = w Gs/e Figure 1. SWCC of Regina clay.
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Figure 1 gives the SWCC of Regina clay. The 
estimated SWCC followed the typical theoretical 
trend. The full saturation water content equaling 
38% remained constant up to the AEV of 300 kPa. 
Desaturation occurred at an increased rate between 
the AEV and the residual suction of 2000,000 kPa 
(at w = 5%) and the curve finally joined the abscissa 
at 106 kPa under completely dry soil conditions.

The measured data fitted well to a bimodal dis-
tribution with two air entry values: a lower value 
(10 kPa) corresponding to drainage through fis-
sures followed by a higher value (300 kPa) associ-
ated with seepage through the soil matrix. When the 
undisturbed samples were gradually desatuarted, 
air first entered into the fissures at low suction. 
Although these fissures are sealed due to hydration 
of expansive soils (Azam & Wilson 2006), numer-
ous swell-shrink cycles over geologic time render 
these discontinuities to have much lower tensile 
strengths than the soil aggregates. This led to a 
quick drainage through these paths of least resist-
ance. Subsequent application of suction affected 
the soil aggregates and eventually forced air to enter 
into the pore system of the aggregate. The matrix 
AEV matched the one obtained from GSD estima-
tion because water movement through an aggregate 
is governed by the arrangement of individual par-
ticles. Furthermore, the downward SWCC shift of 
the undisturbed soil is attributed to its flocculated 
morphology in contrast to a dispersed fabric for the 
GSD sample (dispersion was ensured using sodium 
hexametaphosphate). The corresponding larger 
pores in the geologic samples were easy to dewater 
because of a reduced capillarity. This resulted in a 
greater water content reduction at the same matric 
suction. Beyond the residual state, the two curves 
converged as the water present in both of the sam-
ples was electrochemically attached to the clay 
surfaces. The 5% residual water corresponded to 
the adsorbed water, as confirmed through thermo-
gravimetric analysis (data not given in this paper).

The SWCC given in the form of water content 
versus matric suction is the best representation for 
expansive soils. The measured value of gravimetric 
water content is independent of volume increase 
due to sample saturation. The use of the degree 
of saturation on the ordinate is not appropriate 
because it depends on void ratio. Furthermore, the 
definition of the degree of saturation for fissured 
expansive soils is not straight forward. Since such 
soils consist of discontinuities and soil aggregates, 
the calculated degree of saturation pertains to an 
average value for the entire soil mass. A more accu-
rate approach for this calculation is to consider 
only the soil aggregates as saturated (up to the 
matrix AEV) and the fissures as air filled cracks. 
This is close to an equilibrium field microstructure 
that allows alternate swelling and shrinkage (Ito & 

Azam 2010). In this approach, the change of 
water volume in the soil mass equates to the vol-
ume change of the soil aggregates and that of the 
cracks. Gens & Alonso (1992) explained the two 
levels of soil structure in their framework as fol-
lows: the microstructure is governed by physico-
chemical interactions between the expansive clay 
minerals thereby forming aggregates whereas the 
macrostructure includes both the aggregates and 
the fissures.

Figure 2 presents the SWCC of Avonlea sand-
stone. Once again, the measured data fitted well to 
a bimodal distribution with two air entry values: 
a lower value (5 kPa) corresponding to drainage 
through cracks followed by a higher value (100 kPa) 
associated with flow through the soil matrix. When 
the field samples were progressively desaturated, 
air first entered into the discontinuities at low suc-
tion. Material erosion and dissolution during water 
flow enlarged these features thereby resulting in a 
lower fissure AEV compared to that of Regina 
clay. The fissures originate from geologic overbur-
den removal and grow over time under the harsh 
climate prevalent in the area. Seasonal variations 
in water availability (snow melt in spring and rain-
fall in summer) and water deficiency (low rainfall 
and freezing in fall and winter) result in physical 
and chemical weathering of the deposit at Avonlea 
(Imumorin & Azam 2011). The associated reduc-
tion in grain sizes precludes the use of GSD for 
SWCC estimation. Furthermore, the finer particles 
get trapped in the relatively bigger soil pores left 
behind by the coarser particles and impart dual 
porosity to sandstone. Water flow through the 
newly formed smaller pores result in a high matrix 
AEV, albeit three times lower than that of Regina 
clay. Finally, the residual suction was found to be 
only 1200 kPa at S = 15%. The low matrix AEV 
and residual suction are attributed to the low clay 
content of the sandstone.

Figure 2. SWCC of Avonlea sandstone.
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The SWCC in Figure 2 is given in the form of 
degree of saturation versus matric suction. This 
is the most suitable parameter for erodible soils 
exhibiting dual porosity because of its direct appli-
cability to field conditions. In this representation, 
the SWCC pertains to the intact soil for which 
the degree of saturation can be calculated with 
reasonable accuracy because soil volume change is 
negligible. The commonly observed mass wasting 
due to erosion and dissolution in the field is differ-
ent from changes in void ratio that are calculated 
using the three phase soil-water-air system.

4 SUMMARY AND CONCLUSIONS

The water retention behavior of natural soils possess-
ing cracks is different from that of compacted soils or 
well-graded sandy soils. This is particularly true for 
swelling soils and erodible soils of southern Saskatch-
ewan, Canada. Glacial geology and harsh climate 
govern the SWCC of the expansive clay in Regina 
and the cemented sandstone at Avonlea. The removal 
of glacial overburden has resulted in the development 
of hair-line discontinuities within the surface layer of 
these sediments. Seasonal weather variations lead to 
swelling and shrinkage in the clay and erosion and 
dissolution in the sandstone. The overall influence 
of geology and climate on the behavior of these two 
natural soils was investigated. The main conclusions 
of this research are summarized as follows:

• The SWCC for cracked soils is characterized by 
a bimodal distribution with two air entry values: 
a lower value corresponding to drainage through 
fissures followed by a higher value associated 
with seepage through the soil matrix.

• The fissure AEV and the matrix AEV, obtained 
by using high quality undisturbed field samples, 
were found to be 10 kPa and 300 kPa for Regina 
expansive clay and 5 kPa and 100 kPa for Avon-
lea cemented sandstone.

• The most appropriate way of presenting the 
SWCC of expansive soils is to use water con-
tent versus matric suction because the measured 
gravimetric water content is independent of vol-
ume increase due to sample saturation.

• The best way to understand field behavior of 
erodible soils with dual porosity is to plot the 
SWCC in the form of degree of saturation ver-
sus matric suction because of negligible volume 
changes in such soils.
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Influence of suction on the permeability of unsaturated soils
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ABSTRACT: In this research, we explore the possibility to relate permeability to the phenomenon of 
suction. The permeability coefficient of unsaturated soil is strongly related to particle size and pore’s size 
distribution and it can be predicted from the curve of suction. By looking at the statistical model “of 
Fredlund,” the suction has a significant influence on the permeability of unsaturated soils and is more 
pronounced when the dimensions of the pores are very small. The suggested formula of permeability is 
based on the use of suction curves. It is used to different types of soil suction curves which are obtained 
from models Pedo-Transfer Function (PTF) and Pore Size Distribution (PSD).

2.1 Matrix suction

The matrix suction expresses the ability of water 
retention of soil components. There are two types:

*Capillary suction: is due to the difference 
between the pressures of  air and water (pore 
pressure) and this pressure difference results in 
the existence of a meniscus between the air and 
water.

*Adsorption Suction: is due to the actions of 
physic-chemical adsorption of clays and they are 
as negatively charged particles.

2.2 Osmotic suction

Osmotic suction is the ability to retain water by the 
salts present in dissolved form in the pore water.

2.3 Total suction

The total soil suction can be seen as the sum of two 
components:

*Matrix suction; ψm
*Osmotic suction π;

 So: ψ = π + ψm (1)

3 FACTORS AFFECTING SOIL 
PERMEABILITY

Soil characteristics that influence the hydraulic 
conductivity (k) are: the total porosity and dis-
tribution of pore size and tortuosity (geometry 
porous). The characteristics of the fluid that affect 
conductivity are the density and viscosity of the 
fluid.

1 INTRODUCTION

Saturated soil is a biphasic medium (solid and 
liquid), whereas an unsaturated soil is a triphasic 
medium containing the solid skeleton, water and 
air. The interaction of gas-water-solid makes the 
mechanical behavior of unsaturated soil more com-
plex than that of a saturated soil [Li XL., 1999], 
according to Fredlund and D. G. (2005), it is a soil 
containing water and air in the voids separated by 
a skin called meniscus and pore water pressure is 
less than that of air. An unsaturated soil is found 
in arid, semi arid in compacted soils. The influence 
of air on the soil behavior depends largely on the 
degree of saturation. When the gas phase is con-
tinuous, its effect on the hydro mechanical behav-
ior results in the suction effect. Whereas, when the 
gas phase is discontinuous and is in the form of air 
bubbles trapped in the water for example, the fluid 
phase (mixture of water and air bubbles) from the 
ground behaves like a very compressible liquid.

2 THE TYPES OF SUCTION

The suction pressure is lower than that of air. It acts 
on the water inside the grains and leads to water 
movement so it’s a negative pressure of the pore 
water. According to Bakkari A. (2007), the suction 
is a measure of the attraction between the soil and 
water. This allows water to rise to a height greater 
than that of the natural state. Suction is the most 
important parameter of hydraulic and mechani-
cal behavior of un-saturated soils. (Blatz JA et al., 
2008) listed three components of suction in unsatu-
rated soils: matric suction, adsorption in the case 
of clay minerals, and osmotic suction.
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Flows in porous media are through complex and 
tortuous paths through a series of interconnected 
pores and different sizes and shapes.

Parameters that affect the permeability can be 
classified into three categories:

− Mineralogy composition, size distribution of 
pores, etc.

− Environmental: compaction conditions, struc-
ture, saturation, etc.

− Associated factors for measuring permeability: 
test method, test condition, etc.

4 PERMEABILITY OF UNSATURATED 
SOIL

In an unsaturated soil, the permeability coefficient 
is not constant, it varies depending on the combi-
nation of the void ratio and degrees of saturation 
and, it is strongly influenced by the variation of 
the suction. Several analytical expressions have 
been developed to predict the permeability of 
unsaturated soils. The fundamental principle of 
the application of these models is the availability 
of hydraulic properties of unsaturated soil, the 
water retention and soil hydraulic conductivity 
functions. The models most widely used are those 
of Corey-Books (1964) and Van Genuchten (1980) 
and recently the formula of Fredlund et al. (1994).

The hydraulic properties of unsaturated soils 
are needed to address problems of flow and mass 
transfer through the soil. One of hydraulic proper-
ties is essential retention curve of soil water. Direct 
measurements of this property are costly and time, 
and consequently models are developed to predict 
on the basis of soil textural indices. These models 
are known as “pedotransfer functions” PTFs (Pedo-
Transfer functions). Given the simplicity and econ-
omy that characterizes the procedure; it is interesting 
to estimate indirectly the characteristic curve.

4.1 Fredlund and Xing equation (1994)
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where:
e:  is the base of natural logarithms, which 

equals 2.71828,
a:  is approximately the value of the point 

corresponding to the suction air inlet of 
the soil,

n:  is a soil parameter connected to the slope 
of the curve of water retention, at the 
inflection point,

m:  is a parameter related to the residual water 
content,

θs:  is the saturated volumetric water content,
C (ψ): is a correction function defined as:
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With:
ψr:  is suction corresponding to residual water 

content θr,

4.2 Functions of pedi-transfer

The Pedi-transfer functions can be classified into 
two groups [M. Huang et al., 2008].

The first group of PTFs using statistical estimates 
of soil properties to describe the curve of suction 
or water retention. Soil properties are: particle size 
and volume properties—mass.

The second group of TFPs uses a physic-empirical 
that converts the particle size distribution by the 
distribution of pore size.

4.3 Application of the method of Fredlund

To study this permeability parameter, we were 
inspired by the method of Fredlund et al. (1994) 
which is a statistical method which exploits the suc-
tion curve and deduce the function of hydraulic con-
ductivity k(ψ). The principle consists in subdividing 
the curve of suction (Figure V-1), represented in the 
plane Θ(s) along the axis into n segments equal Θ, Θ 
is defined by the following relationship:

θ
θ θ
θ θ

= rθ

s rθ θ
 

(4)

The permeability function k(Θ) is given by the 
expressions below:
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i = 1,2, ..., m
j: i varies from to m

With:
k(θi):  permeability function of the effective 

volumetric water content (θi) correspond-
ing to the ith interval.
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ks:  coefficient of saturated permeability, 
measured in the laboratory.

ksc: Permeability calculated at saturation.
Ts: surface tension;
m:  Total number of  intervals between the 

volumetric water content at saturation 
θs and the minimum volumetric water 
content θr on soil-water characteristic 
curve.

ψj:  suction corresponding to point to the 
center of the jth interval.

i:  interval number which increases with the 
decrease in water content by volume.

m:  is the number of intervals between the 
saturated water content (θs) and the min-
imum moisture con-tent (θl) in the curve 
of suction;

n:  number of intervals between the saturated 
water content (θs) and the water content 
of zero (θ = 0) (n = m [θs / ((θs-θl))]);

g: acceleration of gravity;
ρw: water density;
uw: absolute viscosity of water;

The above formula can also be expressed as rela-
tive permeability kr (θi), as follows:

kr ikk
j jj

m

j i

m j j( )i
( )j i ( )j i= ∑∑ 2 1( )j i +)i 2(

2 2∑ψ ψj j
∑2 22 2∑
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5 INFLUENCE OF SUCTION 
ON THE PERMEABILITY 
OF UNSATURATED SOIL

The presentation and interpretation of results 
obtained by applying the method of Fredlund 
et al. (1994) was used in our case on several soil 
types in order to study the influence of suction on 
the permeability. The influence of residual water is 
then processed. Using this method, whose princi-
ple is to use suction curves, helped plot the curves 
of relative permeability of the soil. In this study, 
we considered two cases in order to know the influ-
ence of the residual water content on the perme-
ability. First Case: In this case, we used suction 
curves (volumetric water content in terms of suc-
tion), neglecting the residual water content (Θ = 0). 
Second case: First we plotted the curves of suction 
pressure versus normalized water content (Θ), in 
order to know the influence of the latter on the 
permeability of unsaturated soils.

In the graphs below (Fig. 1), the curves Kr = f  (ψ) 
show the influence of suction on the unsaturated 
permeability of different soils existing through the 
gravelly sand, medium, fine, silt sand, the loam, 
sandy loam soil, the clay and bentonite.

Based on the above curves (fig. 1), we find that 
the permeability coefficient does not vary linearly. 
For sandy soils, the unsaturated permeability is 
instantaneous in a small range of suction that does 
not exceed 10 kPa, because the pores are emptied 
suddenly, while, soil permeability purpose is not 
instantaneous and can reach a range of very high 
suction exceeding 100,000 kPa as fine soils have 
a high capacity to retain water. This is due to the 
plasticity of soil, particle size, and soil texture and 
the tortuosity and connectivity of pores.

The prediction of the permeability coefficient for 
clay soils is generally less accurate than sandy soils. 
Therefore, the prediction of relative permeability soil 
becomes less accurate when the suction increases.

We also note that the permeability of the capil-
lary is constant with increasing suction. The soil is 
plastic over the capillary is very important.

5.1 Comparison of the relative permeability 
between the two cases

In the first, the suction curves as a function of nor-
malized water content (Θ) have been established 
(taking into account the residual water content) in 
order to know the influence of the latter on not sat-
urated soil permeability. We, then, plotted the rela-
tive permeability curves using the same procedure. 
A comparison was made between the permeabil-
ity curves of the first case and that of the second 
case for each soil type, to show the influence of the 
residual water content of the unsaturated perme-
ability. The results are shown in Figures 2.

According to the different figures obtained on 
different materials, we observe that the residual 
content does not affect the permeability of unsatu-
rated soils. The permeability curves obtained are 
similar to those provided by the literature for simi-
lar materials. The small offset between the curves 
may be due to calculation errors.

Figure 1. Synthesis of the permeability curves of 
un-saturated soils.
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6 CONCLUSIONS

The permeability of unsaturated soils is an impor-
tant parameter for understanding soil behavior. It 
is mainly determined by the distribution of pore 
size. The coefficient of permeability of an unsatu-
rated soil is also strongly related to particle size 
and it can be predicted from the curve of suction. 
The suction has a significant influence on the per-
meability of un-saturated soils. This influence is 
naturally more marked when the pore dimensions 
are very small. The method thus established in this 
work is applicable to different soil types in a range 
of suction from 0 to 106 kPa. It is very helpful in 
cases where experimental data are not available.
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Evaluation of the suction calibration curves for Whatman 42 
filter paper

K.V. Bicalho, K.F. Cupertino & A.I. Bertolde
Federal University of Espirito Santo, Vitoria, ES, Brazil

ABSTRACT: The filter paper method is probably the simplest of the methods available for estimating 
a wide range of soil suction. The method is highly dependent on the suction calibration curve employed 
(i.e., the water retention or characteristic curve of the filter paper). Several calibration functions for ash-
less filter paper have been published in the literature, and significant discrepancy exists among them. Most 
of the functions are called “bilinear” (i.e., two different equations). The possibility of using a smooth 
function representing the best-fit curve for fictional points obtained from seven published calibration 
curves is evaluated. The suggested function incorporates a power law and a logarithmic dependence of 
water content on suction as observed in most published soil water retention functions. The variability of 
the suggested function compared to the seven published calibration curves for Whatman 42 filter paper 
for different levels of suction is quantified.

is a continuation of the earlier papers (Bicalho et al., 
2009, 2011), and for providing continuity, the previ-
ous papers are briefly summarized here.

2 FILTER PAPER TECHNIQUE

The FPM calculates the soil suction indirectly from 
previous calibration. Basically, the filter paper 
comes to equilibrium with the soil either through 
vapor (total suction measurement) or liquid (mat-
ric suction measurement) flow. At equilibrium, the 
filter paper and the soil will have the same suction 
value. After equilibrium is established between the 
filter paper and the soil in a relatively constant tem-
perature environment, the gravimetric water content 
of the filter paper disc is measured, and converted 
to suction using a calibration curve for the type of 
paper used. This is the basic approach suggested 
by the American Society for Testing and Materials 
(ASTM) standard D5298 for the measurement of 
either matric suction using the contact filter paper 
technique or total suction using the non-contact fil-
ter paper technique. The ASTM D5298 employs a 
single calibration curve that has been used to infer 
both total and matric suction measurements and 
recommends the filter papers to be initially oven-
dried (16 h or overnight) and then allowed to cool 
to room temperature in a desiccator. The ASTM 
D5298 calibration curve is a combination of both 
wetting and drying curves. However, because of 
the marked hysteresis on wetting and drying of the 
filter paper, the calibration curve for initially dry 

1 INTRODUCTION

The filter paper method (FPM) is probably the sim-
plest of the methods available for estimating suc-
tion of soils for essentially the full range of interest 
for fluid and vapor transport and other geotechni-
cal applications (Houston et al.,1994).The method 
calculates soil suction indirectly by measuring the 
filter paper water content at equilibrium that is 
related to soil suction through a predetermined 
suction calibration curve. The calibration function 
defines the water retention curve (or characteristic 
curve) of the filter paper.

A number of calibration functions for ash-less filter 
papers have been published in the literature. Bicalho 
et al. (2009) show that significant discrepancy exists 
among the several published calibration functions for 
the filter paper Whatman 42. Most of the functions are 
called “bilinear” (i.e., two different equations) with an 
inflection point occurring at a filter paper gravimetric 
water content value somewhere between 30 and 50% 
(120 kPa > corresponding suction > 60 kPa).

The possibility of using a smooth function repre-
senting the best-fit curve for fictional points obtained 
from seven published calibration curves is evaluated 
in this paper. The function assumes the non-linearity 
between pairs of filter paper gravimetric water con-
tent and suction (logarithmic scale) as observed in 
most mathematical formulations of the published 
soil water retention functions. The variability of the 
suggested function compared to seven published 
calibration curves for Whatman 42 filter paper for 
different levels of suction is quantified. This paper 
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filter paper is different from that of the initially wet 
filter paper. Muñoz-Castelblanco et al. (2010) show 
that the gap between the drying and wetting filter 
paper calibration is more remarkable at higher levels 
of suction (> 100 kPa). Some publications presents 
calibration for the wetting path, with the paper ini-
tially air dry (Chandler & Gutierez 1986; Chandler 
et al., 1992; Ridley 1993; and Marinho 1994).

The contact FPM is used for measuring matric 
suction of soils. In the method, water content of 
an initially dry filter paper increases due to a flow 
of water in liquid form from the soil to the filter 
paper until both come into equilibrium. Therefore, 
a good contact between the filter paper and the soil 
has to be established. The contact FPM becomes 
inaccurate in high matric suction range since 
water transport is dominated by vapor transport 
(Fredlund & Rahardjo 1993).

2.1 FPM calibration curves

The calibration curve for the filter paper matric 
suction measurement is commonly established 
using a pressure plate apparatus (e.g., Al-Khafaf & 
Hanks 1974; Hamblin 1981; Greacen et al., 1989). 
It is important to note that only ash-less filter 
papers should be used in the filter paper technique. 
Although there are several ash-less filter papers 
available, only Whatman 42 and Sleicher and 
Schuell 59 (or SS 59) are commonly used.

A number of calibration functions for Whatman 
No. 42 filter papers have been published in the lit-
erature. The functions share a number of similari-
ties, allowing them to be written in a general form 
as (Bicalho et al., 2011):

Log10(s) = A − Bw (1)

where s = suction (kPa), w = gravimetric water con-
tent (%) of the filter paper at equilibrium, and A, 
B = the fitting parameters. Chandler & Gutierrez 
(1986) presented a calibration curve for suctions in 
the range of 80 kPa and 6000 kPa that included 
their own results and also those from Fawcett & 
Collis-George (1967) (i.e., A = 5.777 and B = 0.06) 
and Hamblin (1981) (i.e., A = 6.281 and B = 0.0822), 
therefore, the obtained calibration curves are simi-
lar with obtained A = 5.85 and B = 0.0622.

Figure 1 shows some calibrations (wetting paths) 
presented in the literature for the filter paper 
Whatman 42 with an inflection point occurring at a 
filter paper gravimetric water content value around 
47% (suction 60 kPa). Marinho & Oliveira (2006) 
suggest a calibration function for the filter paper 
Whatman 42 with an inflection point occurring at a 
filter paper gravimetric water content equal to 33% 
(suction 115 kPa). The calibration curves proposed 
by Chandler et al. (1992), ASTM Standard D5298 

and Leong et al. (2002)-Matric suctions are similar 
with A in Equation 1) ranging from 4.842 (Chandler 
et al., 2002) to 5.327 (ASTM D5298) and B rang-
ing from 0.0622 (Chandler et al., 1992) to 0.0779 
(ASTM D5298). A similar agreement can be seen 
in the suctions derived using the curves proposed 
by Chandler et al. (1992), ASTM D5298 and Leong 
et al. (2002)-Matric suctions. Considerable variabil-
ity is observed between their results and those of 
Fawcett & Collis-George (1967), Hamblin (1981) 
and Chandler & Gutierrez (1986) (which seem to 
overestimate the values of suction).

Although Leong et al. (2002) suggested the use 
of different calibration curves for matric and total 
suctions, caution is recommended when using pub-
lished total suction calibration curves since such 
curves are expected to be valid only for the equali-
zation time used during the corresponding calibra-
tion. If the equilibrium between the filter paper and 
the soil has not yet been achieved, the total suction 
calibration curve might give total suction estima-
tions smaller than corresponding matric suction 
estimations, yielding an unrealistic negative value of 
osmotic suctions. Marinho & Oliveira (2006) suggest 
a unique calibration for matric and total suctions.

3 EXPERIMENTAL RESULTS

Tests were performed on a residual silty sand, here-
after called Perafita sand, resulting from weathered 
granite, which has been used as a building material 
for a road in the north of Portugal. It contains about 
20% of grains smaller than 80 μm, with a layered 
structure similar to that of clay particles. The liquid 
limit of the Perafita sand is 32.6%, the plastic limit 
is 25%, clay fraction is 2.5%, specific gravity is 2.66, 
standard Proctor optimum water content is 17.6% 
and the corresponding dry density is 16.8 kN/m3, 
modified Proctor optimum water content is 13.2% 
and the corresponding dry density is 18.6 kN/m3. 
The preparation procedure of samples is the same 
for all the tests: the soil is sieved to avoid the pres-
ence of coarse grains (maximum size 4.75 mm), then 

Figure 1. Evaluated calibration curves (wetting paths) 
for Whatman 42 filter paper.
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it is mixed up with the right quantity of water; after 
that, it is placed in a sealed plastic bag for 24 hours 
to allow the hydric equilibrium to establish. The 
contact filter paper tests were carried out on soil 
specimens compacted to the modified Proctor opti-
mum water content (13.2%) and nearly maximum 
density (18.6 kN/m3). The compacted soil specimen 
sizes were 102 mm in diameter and 23.35 mm high.

The test procedure involves placing a piece of ini-
tially air dry filter paper against the compacted soil 
specimen whose matric suction is required and seal-
ing the whole to prevent evaporation. The filter paper 
then wets up to water content in equilibrium with 
the magnitude of the soil matric suction, and careful 
measurement of the water content of the filter-paper 
enables the soil matric suction to be obtained from 
a previously established correlation. This provides 
a measure of the matric suction, which is assumed 
to be the same numerically as the capillary pressure 
(the reference being the atmospheric pressure). The 
Whatman 42 filter paper was used in all tests.

The other techniques (i.e., tensiometers, and the 
osmotic technique) used to measure or control the 
negative pore water pressure in the compacted soil 
specimens are not discussed in this paper since the 
purpose herein is to discuss the filter paper tech-
nique only. Details of the experimental techniques 
are given in Fleureau et al. (2002).

4 STATISTICAL ANALYSIS

The suctions inferred from filter paper measure-
ments depend on the used calibration function, 
and there is a variability and uncertainty associated 
with the used calibration. In practice, an engineer 
is unlikely to evaluate the several calibrations func-
tions proposed in the literature. Therefore, it may be 
convenient to know what variability can be expected 
from choosing one of the many cited calibration 
functions for Whatman No. 42 filter papers.

In this paper, a regression line (known as the least 
squares line) is used to examine the linear w-Log10 
(suction) relationship (Eq. 1) and to quantify the 
variability around the best estimate function. A best 
fitted calibration function that “minimizes the 
squared residuals” is defined for all data (fictional 
points) obtained from the seven calibration func-
tions previouly discussed for suction values between 
30 and 30000 kPa. Since the regression model is usu-
ally not a perfect predictor, there is also an error term 
in the Equation 1. The coefficient of determination 
(r-squared, R2) is the square of the correlation coef-
ficient. Its value may vary from zero to one.

Initially, two best fitted calibration functions 
that “minimizes the squared residuals” is defined 
for all fictional data points obtained from the eval-
uated seven calibration functions. It is assumed an 

inflection point occurring at a filter paper gravi-
metric water content value of 47% (see Fig. 2). The 
resulted functions based on the correlation coeffi-
cient criterion are:

for w ≤ 47%

 Log10(s) = 5.201 − 0.062w (2a)

for w > 47%

 Log10(s) = 2.909 − 0.021w (2b)

Figure 2 shows a large discontinued data in the 
ordinates (y) represented by suction values in loga-
rithmic scale such as: if  the filter paper gravimetric 
water content (w) is near 47%, the corresponding 
suction lies between 84 kPa (Eq. 2b) and 194 kPa 
(Eq. 2a). Therefore, it was calculated an alternative 
model to the linear models adopted by the evalu-
ated calibration functions to verify the possibility 
of non-linearity between pairs of filter paper gravi-
metric water content and Log (suction) as observed 
in most mathematical formulations of the published 
soil water retention curves (Brooks & Corey, 1966; 
van Genuchten, 1980; Fredlund & Xing 1994).

In the Equation 2 the data were treated using 
linear statistical models, where pairs of data are 
converted into a straight line. When a nonlinear sta-
tistical model (where exponential functions, potential 
or reciprocal are applied) can be expressed by a 
straight line it is called intrinsically linear.

Thus, the exponential function shown in Equa-
tion 3 can be considered intrinsically linear because 
it can be transformed into a straight line through 
the logarithmic transformation.

Log Ae Bw
10gg ( )s = −BB

 (3)

The resulted function obtained from the seven 
calibrations presented in Figure 1 is given by:

Log e w
10gg 0 0226 0635( )s . .= −

 (4)

Figure 2. Two linear calibration functions resulted from 
the seven evaluated calibration curves for Whatman 42 
filter paper.
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Figure 3 shows the resulted function based on 
the correlation coefficient criterion (R2 = 0.8654). 
To quantify the variability around the best esti-
mate calibration function define by Equation 4, the 
predicted suctions obtained by each evaluated cali-
bration function were compared with the suction 
values from the best fitted defined by Equation 4 
for each level of w. The variability is evaluated by 
using the mean error (ME) and the root mean 
squared error (RMSE) defined by:

ME
N i

N
= ∑

N =

∧ ∧1
1
( )Y YMYY

 
(5)

RMSE
N i

N

M= ∑
N =

∧1
1

2( )Y YMYY
 

(6)

where Y
∧

 = Log (s) obtained by Equation 4, 
YM = Log (s) of each evaluated calibration func-
tion for the corresponding w, and N is the number 
of data points. The results are presented in Table 1 
for nonlinear analysis.

When comparing regression models that use the 
same dependent variable and the same estimation 
period, the RMSE goes down as adjusted R2 goes 
up. In the regression nonlinear analysis, the calibra-
tion function proposed by Crilly & Chandler (1993) 
has the lowest RMSE and ME values thus it is the 
one that best adjust the resulted calibration func-
tion defined by Equation 4 (see Table 1). The same 
was not observed in the RSME and ME values of 
Fawcett & Collis-George (1967), Chandler & Guti-
errez (1986) and Hamblin (1981) that presented the 
highest when compared with the best fitted calibra-
tion function’s results defined by Equation 4.

When comparing regression models that use the 
same dependent variable and the same estimation 
period, the RMSE goes down as adjusted R2 goes up. 
In the regression nonlinear analysis, the calibration 
function proposed by Crilly & Chandler (1993) has 
the lowest RMSE and ME values thus it is the one that 
best adjust the resulted calibration function defined by 
Equation 4 (see Table 1). Fawcett & Collis-George 
(1967) presented the highest RMSE and ME values.

It is also determined a best fitted calibration 
function that “minimizes the squared residuals” 
defined for all data points (i.e., suction values 
between 30 and 30000 kPa) obtained from the 
calibration functions proposed by Chandler et al. 
(1992), ASTM Standard D5298 and Leong et al. 
(2002) called here local calibration function. The 
local calibration function based on the correlation 
coefficient criterion was calculated in nonlinear 
analysis (R2 = 0.976). The best fitted calibrations in 
non linear analysis are given by (see Fig. 4):

Log e w
10g 0 0225 328( )suction ( )kPa . ,−

 (7)

Figure 3. Resulted nonlinear calibration function from 
the seven evaluated calibration curves for Whatman 42 
filter paper.

Table 1. Values of RSME and ME for the evaluated 
calibration functions compared to Equation 4.

References RSME ME

Fawcett & Collis-George (1967) 0.833 −0.832
Hamblin (1981) 0.497 −0.408
Chandler & Gutierrez (1986) 0.724 −0.695
Chandler et al. (1992) 0.310 0.211
Crilly & Chandler (1993) 0.198 0.140
Leong et al. (2002) 0.323 0.289
ASTM D5298-03 0.215 0.164

Figure 4. Best fit line resulted from the three evaluated 
calibration curves for Whatman 42 filter paper.

Table 2 presents the obtained RMSE and ME val-
ues for the three evaluated calibration functions com-
pared to Equation 7. The RMSE and ME values goes 
down indicating small variability among the calibra-
tion functions proposed by Chandler et al. (1992), 
ASTM Standard D5298 and Leong et al. (2002) and 
the resulted best line. In Figure 4 the solid line rep-
resent Equation 7 (the best adjusted function to the 
three evaluated calibration functions for Whatman 
42 filter paper in the nonlinear analysis).

A confidence interval gives an estimated range 
of values which is likely to include an unknown 
population parameter, the estimated range being 
calculated from a given set of sample data. The level C 
of a confidence interval gives the probability that the 
interval produced by the method employed includes 
the true values of the parameter. Figure 5 shows a 
pair of 80% confidence intervals (upper and lower 
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limits) calculated from each calibration line, but var-
ies from calibration line to calibration line, although 
obtained under the same experimental conditions. 
The results, presented in Figure 5, are the estimated 
suctions determined by the contact filter paper tests 
using the calibration functions proposed by Equa-
tion 7 and ASTM D5298 and the measured suctions 
of compacted Perafita sand specimens resulting from 
several methods used by Fleureau et al. (2002). It is 
observed a general agreement between the FPM test 
results using the calibration curves ASTM D5298 and 
a non linear function proposed by this paper (Eq. 7) 
and other techniques used to measure or control suc-
tions in the compacted soil specimens for 100 kPa < 
suction < 300 kPa. The values given by Equation 8 are 
inserted within the confidence interval and therefore 
it is the one that best adjust the investigated data.

Various functions are published at literature 
to describe the water retention curve (Brooks & 
Corey, 1966; van Genuchten, 1980). Usually they 
are successful at high and medium water contents 
but often give poor results at low water contents 
(Nimmo, 1991; Ross et al., 1991). Another issue 
related to these functions is that they either do 
not allow water content to be zero, an assump-
tion that is physically unrealistic (Nimmo, 1991), 
or they allow it to be zero only at infinite suction. 
Additionally, these functions are largely empirical 
and disconnected from basic soil properties, such 
as pore geometry and adsorption (Hillel 1980). 
Besides the mentioned limitations these func-
tions are often cited. Therefore, the fitting of the 
Brooks & Corey (1966) equation to the three cho-
sen data sets is also discussed here.

Brooks & Corey (1966) represent the normal-
ized dimensionless effective saturation, Se, as a 
power function of suction, s:

for s ≤ sc

S
s
seS

c
= ⎛

⎝⎜
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠

−λ

 
(8a)

for s > sc

Se = 1 (8b)

where Se = (S – Sr)/(1 – Sr), S = the degree of satura-
tion corresponding to suction s, Sr = the residual 
saturation, and sc, λ = the fitting parameters. The 
parameter sc is commonly termed the air entry 
value, and λ is a positive value. Equation (8a) can 
be rewritten as:

s s G w
e

Sc
sG

rrSS−s s⎛
⎝
⎛⎛
⎝⎝

⎞
⎠
⎞⎞ ( )SrS

 
(9)

where Gs = the specific gravity, and e = void ratio for 
the used Whatman No. 42 filter papers. Marinho 
(2012) suggests the value of sc around to 4.95 kPa, 
Gs = 1.8 and e = 2,6 for the used paper (Whatman 
No. 42).

Figure 6 shows results of fitting the Brooks & 
Corey (1966) to the three chosen data sets. The values 
of the Brooks & Corey (1966) parameters used in the 
analysis are: λ = 0.33 and Sr = 0. The fitting is generallv 
very good for both equations. Although Brooks & 
Corey (1966) provide fits inferior to those of the 
Equation 7, more measured data are required to sup-
port the validity of the proposed equation. Moreover, 
the use of the functions should be limited to the range 
of the original data on which they are based.

5 CONCLUSIONS

An evaluation of using different filter paper 
calibrations in the contact filter paper test for 
measurement of soil suction was conducted in this 

Table 2. Values of RSME and ME for the evaluated 
calibration functions compared to Equation 7.

References RSME ME

Chandler et al. (1992) 0.092 0.019
Leong et al. (2002) 0.119 0.081
ASTM D5298–03 0.170 0.004

Figure 5. A pair of 80% confidence intervals (upper 
and lower limits) calculated from Eq. (7) and ASTM cali-
bration function.

Figure 6. Best fit line resulted of nonlinear analysis 
from the three evaluated calibration curves for Whatman 
42 filter paper.
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paper. The method offers a simple technique for 
the determination of soil suction, provided that 
an adequate calibration curve is used. It is always 
recommended to verify if  the calibration can be 
used without causing significant errors in the suc-
tion values to be determined. A similar agreement 
can be seen in the suctions derived using the cali-
bration functions for Whatman No. 42 filter papers 
(wetting path) proposed by Chandler et al. (1992), 
ASTM D5298 and Leong et al. (2002)-Matric suc-
tions. Considerable variability is observed between 
their results (Chandler et al. (1992), ASTM D5298 
and Leong et al. (2002)-Matric suctions) and those 
of Fawcett & Collis-George (1967), Hamblin 
(1981) and Chandler & Gutierrez (1986) which 
seem to overestimate the values of suction.

It is defined a smooth function representing the 
best-fit curve for fictional points obtained from the 
often cited calibration curves: Chandler et al. 1992, 
ASTM D5298 and Leong et al. 2002. The suggested 
function assumes the non-linearity between pairs 
of filter paper gravimetric water content and Log 
(suction) as observed in most mathematical formu-
lations of the published soil water retention curves.

It is observed a general agreement between 
the FPM test results using the suggested suction 
calibration function and other techniques used to 
measure or control suctions in the compacted silty 
sand specimens for 100 kPa < suction < 300 kPa.
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ABSTRACT: Estimation of the long-term performance of lime-treated expansive subgrade requires 
information on its unsaturated behavior. This paper aims at investigating the effect of the lime treatment 
on the soil-water characteristic curves of expansive soils. Tests were performed on compacted samples of 
lime-treated expansive clay from Saudi Arabia considering lime contents of 0%, 2%, and 4% and curing 
periods of 7 and 28 days. Soil water characteristic curves were determined by axis translation technique 
and filter paper method to cover a wide suction range. Test results revealed that lime content had a signifi-
cant effect on the shape of the soil water characteristic curves; while, curing period had a less markable 
effect on the SWCC of lime-treated soil.

Lime-treated expansive soils are typically in 
a state of unsaturated condition in the field due 
to in-situ compaction. Therefore, its engineering 
behavior can be further understood by consider-
ing the influence of matric suction on its behav-
ior. The soil water characteristic curve (SWCC) is 
considered a tool used for predicting and interpret-
ing the engineering behavior of unsaturated soils. 
SWCC describes the relationship between water 
content (whether gravimetric or volumetric) and 
soil suction.

The technical literature comprise few researches 
on the SWCC curves of  lime-treated soils with 
even more limited research directed towards the 
SWCC of lime-treated expansive soils (Bilsel & 
Oncu 2005, Kattab & Al-Taie 2006, Puppala 
et al., 2006, Yang et al., 2011). Recently, Stoltz 
et al. (2012) has studied the effect of  the wet-
ting and drying during SWCC determination on 
the micro—and macro-scale distribution of  lime 
treated expansive soils.

The main objective of this research is to investi-
gate the effect of lime content and curing period on 
the soil water characteristic curves of lime-treated 
expansive soils. Tests were performed considering 
2% and 4% lime content and curing periods of 7 
and 28 days.

2 MATERIAL AND METHODS

This section provides a description of materials 
and experimental techniques used in this study.

1 INTRODUCTION

Civil engineers are always challenged with the 
design and construction of safe and durable pave-
ments. One problem that engineers face is the 
design and construction of pavements on expan-
sive soils. Expansive soils are soils that undergo 
significant swelling or shrinkage due to changes in 
water content. These changes cause extensive dam-
age to pavements that are manifested in the form 
of irregular deformations (bumps), cracking, and 
rutting of the pavement surface.

Expansive soils are found in many locations in 
Saudi Arabia. Information regarding expansive soil 
sites, their geological origin, and swelling charac-
teristics has been well documented in the technical 
literature (Erol & Dhowian 1990, Abduljauwad & 
Al-Sulaimani 1993, Azam et al., 1998, Azam et al., 
2003, Sabtan 2005, Aiban 2006). Expansive clays 
located in eastern region of Saudi Arabia are 
characterized to be moderately to highly expansive 
(Abduljawad, 1994).

One common mitigation method for the 
improvement of expansive subgrade involve 
the addition of lime for the purpose of arresting the 
swell potential and provide support for the pave-
ment structural system. Many studies (Basma & 
Tuncer 1991, Afès & Didier 2000, Nalbantoglu & 
Tuncer 2001, Al-Rawas 2005, Alper et al., 2006) 
showed that the addition of lime content benefi-
cially reduces swelling potential, swelling pressure, 
plasticity index, and compressibility, and increases 
shear strength and stiffness.
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2.1 Material used

In this study, expansive clay obtained from the city 
of Al-Qatif  was used. Al-Qatif  is a historic, coastal 
oasis region located on the western shore of the 
Arabian Gulf in the eastern province of Saudi 
Arabia (26° 56′ 0″ N, 50° 1′ 0″ E). Several researches 
conducted to investigate the swelling characteris-
tics of Al-Qatif  expansive clay revealed that the soil 
is highly expansive in nature due to the presence 
of high smectite mineral content (Abduljauwad & 
Al-Sulaimani 1993, Azam et al., 1998, Azam et al., 
2003). Soil samples were obtained from open pits 
excavated to a depth of 1.5–3.0 m below ground 
surface. Samples were transferred to laboratory for 
full characterization as summarized in Table 1.

Mineralogical characterization of Al-Qatif  soil 
was performed using Bruker D8 Advance system. 
Samples were scanned from 2° to 60° (2θ) using 
2.2 kW Cu anode long fine focus ceramic X-ray 
tube at a scanning rate of 1 degree per minute. The 
X-Ray diffraction analysis concluded that Al-Qatif  
clay consist of montmorillonite and palygorsite 
which are typical swelling minerals.

Compaction characteristics of lime-treated 
expansive clay as a function of lime content are 
presented in Figure 1. From Figure 1, as the lime 

content increased the optimum water content 
increased and the maximum dry density decreased.

Lime used in this study was analytical grade cal-
cium hydroxide (assay 90%), supplied by Winlab 
Chemicals, UK. Lime contents considered included 
2% and 4% (by dry weight of clay) because they 
are typically specified in expansive soil improve-
ment projects.

2.2 Sample preparation

Compacted samples of lime-treated expansive 
clay were prepared for the determination of the 
soil water characteristic curves. All samples are 
prepared at optimum water content and maxi-
mum dry density. Soil samples obtained from the 
field were air dried, pulverized and sieved using 
sieve No. 40. Expansive clay and lime were mixed 
thoroughly at target water content and stored in 
plastic bags for 24 hours to allow for the mix to 
homogenize. Samples were statically compacted to 
desired maximum dry density and stored in humid 
environment (95% relative humidity) for a curing 
period of 7 and 28 days.

3 EXPERIMENTAL PROGRAM

3.1 Swell potential

The swell potential for untreated and lime-treated 
expansive clay under different lime content and 
curing periods was evaluate using one-dimensional 
swell test as per ASTM D4546. Results of the tests 
shown in Figure 2 revealed that the addition of lime 
resulted in significant reduction in swelling poten-
tial of tested samples. On the other hand, the curing 
period had a less markable effect on the reduction of 
swelling potential of lime treated expansive clays.

Table 1. Soil characterization data for Al-Qatif  soil.

Test Value

Specific Gravity, Gs 2.71
Liquid Limit, wL (%) 137
Plastic Limit, wP (%) 60
Shrinkage Limit, wsh (%) 12
% passing Sieve No. 200 99
Unified soil classification CH

Figure 1. Standard compaction curves of lime-treated 
expansive clay for different lime contents.

Figure 2. Swell versus time curve for treated and 
untreated expansive clay.
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3.2 Soil water characteristic curves

SWCC of lime-treated expansive soils was evalu-
ated using axis translation technique and filter 
paper method to cover a wide suction range. Axis 
translation technique using Fredlund SWCC device 
was used to evaluate the SWCC for suction levels 
up to 1500 kPa (using a ceramic disc with air entry 
value of 15 bar). The water in the compartment 
below the ceramic disc was connected to a gradu-
ated burette to monitor the amount of water egress 
from samples during suction application.

For Fredlund SWCC device, samples’ dimensions 
were 50 mm in diameter and 20 mm thick. After 
curing period, samples were transferred to conso-
lidometer and saturated for 24 hours or until full 
swell was attained. Samples were then transferred 
to the Fredlund SWCC device and suction was 
applied incrementally up to 1500 kPa and allowed 
to equilibrate under each suction level. Equilibrium 
was attained when water level in burettes did not 
change within 24 hours. After equilibrium, soil sam-
ples were weighed to determine reduction in water 
content due to suction application. At the end of the 
test, final water content of samples were determined 
using gravimetric methods and water content at each 
suction was back-calculated based on the cumula-
tive water content loss measured at each stage.

The filter paper method was used to evaluate the 
soil water characteristic curves of the lime-treated 
expansive clays for suction values greater than 
1500 kPa. Matric suction was measured using con-
tact techniques in accordance with ASTM D5298-94. 
In this method, Whatman No. 42 filter paper discs 
(50 mm in diameter) was placed between two identi-
cal compacted samples of 70 mm in diameter and 
20 mm high. To avoid contamination due to poten-
tial bacterial growth and organic matter, the testing 
filter paper was encased between protective filter 
papers. To determine the boundary drying curves, 

samples were allowed to evaporate under labora-
tory environment to reach desired water contents. 
The desired water contents were beyond the range 
of water content obtained using the axis translation 
technique. Attainment of desired water content 
was confirmed by continuous weighing of samples. 
After reaching desired water content, initial sample 
weight and volume were recorded. Samples with 
filter paper were sealed in glass jars and stored in 
temperature controlled environment (22 ± 1°C) for 
a period of 14 days. After equilibration, water con-
tent of filter paper was determined using gravimet-
ric techniques and using balance with resolution 
of 0.0001 g. Suction values corresponding to filter 
paper water content was evaluated based on filter 
paper calibration curve developed by Oliveira and 
Marinho (2006). Verification of calibration curve 
for filter paper batch used in this study was per-
formed as shown in Figure 3.

4 RESULTS AND DISCUSSION

The SWCC of lime treated expansive clay as a func-
tion of lime content and for curing period of 7 days 
were shown in Figures 4 to 6. In these figures, the 
soil water characteristic curves were expressed in 
terms of gravimetric water content. The effect of 
lime content on soil water characteristic curves was 
illustrated in Figure 4. From Figure 4, it was appar-
ent that the rate of desaturation in low suction range 
(less than 1500 kPa) decreases with addition of lime. 
An in depth examination of soil water characteristic 
curves, illustrated in Figure 5, revealed that the rate 

Figure 3. Verification of ASTM filter paper calibration 
curve.

Figure 4. SWCC of untreated and lime-treated expan-
sive clay.
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of de-saturation continues to decreases with increase 
in lime content; however, on a less pronounced scale. 
In the high suction range, no difference between soil 
water characteristic curves was observed.

Figure 5 depicts changes in the shape of the 
SWCC with lime content. Specifically, it was 
observed that the SWCC for 2% lime content 
shows a smooth transition from the low suction 
range (less than 1500 kPa) to the high suction 
range (greater than 1500 kPa) similar to that 
for untreated soil. On the other hand, the SWCC for 

4% lime shows a bi-linear relationship with a 
breaking point identifying the air entry value.

Based on the aforementioned observations, a bi-
linear relationship was fitted to express the SWCC 
of lime treated expansive soils using the following 
equations:

w = −0.693 log (ψ) + 56.723 ψ < 1500 kPa (1)

w = −4.690 log(ψ) + 122.37   ψ > 1500 kPa (2)

where w = gravimetric water content (%) and 
ψ = matric suction (kPa).

The air entry value (AEV) defines the mat-
ric suction at which air begins to enter the pores 
and it marks the transformation from saturated 
to unsaturated conditions. By visually inspecting 
Figure 5, it was observed that the air entry value 
increased with the increase in lime content. This 
can be attributed to the reduction in pore size as a 
result of more lime filling the voids and inducing a 
more stabilized clay matrix.

The effect of curing period on the soil water char-
acteristic curves of lime-treated soil is illustrated 
in Figure 6. This figure reveals that for the study 
soil the curing period has a negligible effect on the 
characteristics of lime-treated SWCCs. Because 
the SWCC are mainly dependent on the pore size 
distribution of soil, it can be inferred that the long-
term pozzolanic reactions due to lime has a slight 
effect on pore size distribution of lime treatment.

5 CONCLUSIONS

This research examined the effect of the lime con-
tent and curing period on the soil water charac-
teristic curves. These curves can be incorporated 
in advanced pavement design procedures (e.g., 
mechanistic enhanced integrated climate model) to 
predict moisture distributions in pavements with 
lime-treated subgrade as functions of depth and 
time. Main conclusions drawn from this research 
can be summarized as follows:

• Lime content had a paramount effect on the 
SWCC curves of lime-treated expansive clay.

• The water retention capacity of lime-treated 
soils represented by the air entry value deduced 
from SWCC has shown to increase with increase 
in lime content.

• The appearance of the SWCC of lime treated 
expansive soils depends on lime content. For this 
study, SWCC transition from the low suction 
to the high suction transforms from a smooth 
curve to a bilinear relationship as lime content 
increases.

• The curing period has a negligible effect on the 
soil water characteristic of lime treated soils.

Figure 5. Effect of lime content on the SWCC of lime-
treated expansive clay.

Figure 6. Effect of curing period on the SWCC of 
expansive clay.
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ABSTRACT: Construction and Demolition Wastes (CDW) present a high amount of aggregate chips 
covered with mortar. This results in high absorption of water with a direct impact in particle breakage 
or disaggregation. It is supposed that intra particle suction plays an important role is the phenomenon. 
However, Water Retention Curves (WRCs) of CDW are not well understood. In this work, the WRCs of 
dynamically compacted specimens of the CDW from the demolition of the National Stadium in Brasilia 
are studied. The objective of this study is to obtain WRCs of the recycled materials by using a pressure-plate 
and filter paper method. The breaking effect during compaction is quantified from the grain size distribu-
tion curves. The particle breakage during compaction increases when the energy augmented. The results 
from the WRCs were incorporated into a pore size capillary model to predict pore size distribution.

been fully investigated. The purpose of this paper is 
to obtain the water retention curves of the recycled 
materials and evaluate its influence on the breaking 
of particles during compaction. Some conclusions 
and recommendations are presented.

2 WATER RETENTION CURVE

The water retention curve (WRC) can be defined 
as the relationship between the amount of water 
in a porous material and its matrix suction. It is 
related to properties such as, pore size distribution, 
unsaturated volume change, unsaturated shear 
strength, and unsaturated permeability (Nimmo 
2004, Thu et al., 2007, Vanapalli et al., 1996, 
Romero et al., 1999).

The shape of the WRC depends on the pore 
size distribution and compressibility of the porous 
material with respect to suction (Marinho 2005). 
Figure 1 shows the relationship between the 
pore-size distribution and the WRC. Each pore-
size is associated with a suction value due to the 
capillarity. In a material with multiple pore sizes, 
the WRC has an “S” shape and presents a more 
gradual reduction in water content with as suction 
increases.

Several laboratory techniques are available for 
determining water retention curves of natural and 
compacted materials. The pressure-plate and the 
filter paper methods are two low cost alternatives. 
In the pressure-plate method the Axis Translation 

1 INTRODUCTION

The amount of construction and demolition waste 
(CDW) generated in global and local levels are sig-
nificant. The volume of these materials is increas-
ing with the construction of new buildings and the 
demolition of old structures that have reached the 
end of its useful life, or due to natural hazards like 
earthquakes, storms and floods and anthropic dis-
asters like wars.

Around 300 million tons/year of CDW is gen-
erated in Europe, about 170 million tons/year in 
the United States and 68 million tons per year are 
produced in Brazil. The Federal District (Brasilia) 
has a daily production of 6000 tons, equivalent 
to an annual production of 2.2 million tons/year 
(Gómez 2011).

Innovation and development of wastes recycling 
technology try to make these materials suitable for 
reuse. Applications of CDW, recycled concrete 
aggregates (RCA), and reclaimed asphalt pavement 
(RAP) in civil engineering works and infrastruc-
ture are now common practice in many countries 
(Rahardjo et al., 2010). Several researches show 
that CDW is an attractive alternative material 
for bases and sub-bases due to its high resistance 
and its non-expansive behavior (Leite et al., 2011, 
Gómez 2011, Hendriks et al., 2001, Park 2003).

Engineering properties like volume change, 
hydraulic conductivity and shear strength is signif-
icantly controlled by suction. However, the unsatu-
rated characteristics of CDW materials have not 
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Technique (ATT) is used. The ATT consists in 
increasing artificially the atmospheric pressure in a 
porous material sample. The matric suction can be 
controlled, regulating the air pressure in a test cell, 
as well as the pressure in water using a saturated 
porous filter in contact with the sample. Because 
the base element allows drainage, the amount water 
that flows through the sample can be quantified, 
and under constant pressures the flow of water 
ceases when equilibrium is reached. The WRC is 
constructed by relating suction and the volume of 
stored water when the drainage ceases.

The filter paper method (FPM) has been used 
since 1937, when it was presented by Gardner. 
Since then, many researchers have used filter 
papers for suction measurements (Marinho & 
Oliveira 2006). This method is based on the prin-
ciple that, when a wet soil is placed in contact with 
a drier filter paper inside a sealed container, the 
paper absorbs water from the soil until both mate-
rials reach equilibrium of suction. When the filter 
paper is in intimate contact with the soil water, the 
water absorbed by the filter paper has the same 
concentration as the soil. In this way, the matric 
suction is measured (Marinho & Oliveira 2006). 
The equilibrium suction is estimated from the 
measured water content of  the filter paper using 
its calibration equation.

2.1 Materials

A typical construction and demolition waste is a 
mixture of reinforced concrete blocks, mortar, 
steel, plastic and wood.

The recycled material investigated in this 
research was collected from demolition waste of 
National Stadium of Brasilia. For this study a 
representative sample of about 1.6 tons of CDW 
aggregate was used for the laboratory evaluation. 
Two grinding process were necessary for obtain 
the CDW aggregate required for this investigation.

3 PHYSICAL CHARACTERISTICS 
OF THE CDW

3.1 Composition

In order to determine the composition of the 
CDW used in this study, the coarse aggregate frac-
tion retained in the 4.75 mm sieve was examined by 
visual analysis. The CDW aggregate was separated 
into four main groups: (i) cementitious materials 
(the major component of the CDW aggregate, 
comprised mainly of concrete and mortar, 41%); 
(ii) crushed rocks (about 15%); (iii) red ceramics 
(bricks and roof tiles, 1%); and (iv) white ceramics 
(floor and wall tiles, 1%). The fine aggregate frac-
tion represented 42% of the total sample. Unde-
sirable materials such as metals wood and plastic 
represented only a very small proportion of 0.6%, 
far below the limit value of 3% required by Brazil-
ian standards.

3.2 Properties of CDW

The physical properties of CDW used in this 
research were determined using Brazilian (NBR) 
and American standards (ASTM).

Tests like water absorption, grain shape, grain-
size distribution, sand equivalent, soundness, 
Atterberg limits were used to determine the physi-
cal properties of recycled aggregate and define 
whether it was suitable as base material for high-
ways. The results are summarized in Table 1.

4 MECHANICAL AND HYDRAULIC 
PROPERTIES

4.1 Compaction of CDW

Proctor process was used for the compaction of 
CDW specimens. Modified and Intermediate Proc-
tor energy (1263 kN-m/m3) were used. The labora-
tory compaction test was carried out based on the 
American Standard procedure (ASTM D1557-07). 
The values of optimum moisture content and 
maximum dry density identified were 13.0% and 
17.5 kN/m3, respectively, for intermediate energy.

The grain size distribution used for investiga-
tion was the lower limit of gradation C prescribed 
in Brazilian standard DNIT 141/10-ES. This gra-
dation is commonly used for base and sub-base 
materials in highways with medium to heavy traffic 
volume. The original and after compaction grain 
size distribution curves for different initial values 
of moisture content (8%, 10%, 14% and 19%) are 
shown in Figure 2.

The CDW aggregate specimens for determina-
tion of the WRC were compacted with this gra-
dation C using intermediate Proctor energy and 

Figure 1. General shape of water retention curve 
according to pore size distribution (Marinho 2005).
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different moisture content (9%, 13% and 17%). 
The samples obtained were 100 mm in diameter 
and 35 mm in height.

4.2 CDW particles breakage

The most important engineering properties of 
granular materials such as stress-strain and strength 
behavior, volume change and pore-pressure devel-
opments, and variation in permeability depend on 
the integrity of the particles or the amount of par-
ticle crushing that occurs due to changes in stress. 
Therefore, it is important to be able to identify and 
quantify the effects of particle crushing on these 
engineering properties (Lade et al., 1996).

In order to evaluate the breaking process due 
compaction in CDW aggregates, the grain-size dis-
tribution before and after the compaction process 
were compared and Marsal (1975) breakage factor 

(Bg) was calculated to quantify this breakage. 
Figure 2 presents the variation of grain-size dis-
tribution for CDW at different moisture contents 
after compaction.

Marsal (1975) developed his measure of particle 
breakage in connection with the design and con-
struction of earth and rockfill dams. While per-
forming large-scale triaxial compression tests, he 
noticed significant amount of particle breakage. His 
method involves the changes in individual particle 
sizes between the initial and final grain size distri-
butions. The difference in the percentage retained is 
computed for each sieve size. This difference will be 
positive or negative. Marsal’s breakage factor is the 
sum of the differences having positive sign.

4.3 Testing details for the WRC

The water retention tests were performed using a 
pressure-plate apparatus (Fig. 3) and the filter paper 
method. The pressure-plate consists of four main 
parts: i) an aluminum cell where a relatively permeable 
porous disk with an air-entry value of 300 kPa is sealed 
to the base; ii) a 50-mL glass burette for measuring 
the volume of water extracted from the soil sample 
by the applied suction; iii) air pressure regulation sys-
tem with Fairchild precision regulator model 10 N for 
applying middle suctions between 3 to 200 kPa and a 
pressure gauge; and iv) a GCTS hanging column for 
applying low suctions (i.e., 1 to 5 kPa).

The testing method was carried out based 
on the American standard procedure ASTM 
D6836-02. The porous ceramic stone was previ-
ously immersed in deaired water during a period 
of 16 hours. Afterwards the saturation of ceramic 
stone was checked by a simple permeability test 
under constant water head.

After compaction, the samples were saturated 
by capillarity. The specimens were placed on a 
porous stone, covered with a filter paper, and place 
in a container filled with deaired water up to the 
base of the compaction mold. Then, the samples 
were weighed and mounted on the pressure plate.

The lower suctions (i.e., 1 to 5 kPa) were applied 
maintaining the connection valve between the 
pressure regulator and the GCTS hanging column 
open. Initially the water outlet was closed and the 
desired air pressure set up. After air pressure sta-
bilization, the water outlet was opened and the 
equilibrium was reached (i.e., the water volume of 
the burette stayed constant). Matric suction was 
applied until equilibrium was observed what could 
be verified by plotting the water volume of the 
burette with respect to time in logarithmic scale. 
The same procedures were applied to the next 
higher values of matric suction until the maximum 
pressure allowed by the air capacity of regulator 
(equal or less than 200 kPa).

Table 1. Summary of physical characteristics of CDW 
aggregate.

Properties CDW investigated

Uniformity coefficient (Cu) 61
% Passing sieve N°40 15
% Passing sieve N°200 3% coarse aggregate

12% fine 
aggregate

Swelling 0.0%
Liquid limit 32%
Plasticity index NP
Sand equivalent 70%
Absorption 7%
Soundness in Magnesium sulfate 6% coarse aggregate

11% fine 
aggregate

Los Angeles abrasion 35%

Figure 2. Grain-size distribution of the recycled mate-
rial and moisture compaction effect.
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Suction values higher than 100 kPa were deter-
mined using filter paper technique. This required the 
compaction of a sample for each point. After com-
paction the specimens were saturated and then air-
dried in the lab to attain the chosen moisture value.

A sandwich composed by three pieces of filter 
paper was placed at the base of each sample after 
reaching the required humidity. Both papers were 
used straight after removal from the box air-dry 
condition. Each filter paper was carefully handled 
with a stainless steel tweezers to avoid changing its 
original characteristics. The sample with both filter 
papers was wrapped with two layers of PVC film, 
and then placed within a plastic bag, and stored in 
the EPS box in a temperature-controlled room for 
14 days. The equilibrium suction was obtained from 
the Chandler et al. (1992) calibration equation.

5 RESULTS AND DISCUSSION

5.1 Breaking effect on CDW

The change of grain sizes was evident from the left-
wards shift in the curves in Figure 2. These curves 
represent samples with different initial water con-
tent. The most significant changes occurs for the 
samples with lower initial water content (8%).

Marsal’s degradation indices (Bg) were computed 
for all samples with different compaction energies. 
Figure 4 shows lines of equal degradation.

Note that by increasing the energy of compac-
tion, there is an increased factor of breakage of 
the grains and the same parameter decreases with 
increasing moisture content.

5.2 Water retention properties

The water retention curves were obtained prima-
rily by following a drying or desorption process. 
Figure 5 shows the WRCs of the CDW that 

describes the change in gravimetric water content 
with respect to the change in matric suction. It is 
noted that for suction values below 100 kPa, where 
the desaturation process of CDW begins, the 
results of with the filter paper are lower than those 
obtained by the axis translation technique.

This situation may result from: i) at high mois-
ture values the filter paper loses repeatability 
because it stores more water than its own weight 
and is therefore hard to calibrate; or ii) in the ATT 
the curvature of the air–water interface will increase 
because of the compression of the entrapped air 
cavity as a result, the pressure differential between 
air and water, which is controlled by the meniscus 
curvature, will increase (Marinho et al., 2008).

The shape of each curve suggests a multi-modal 
distribution of pores. By applying a capillarity 
model for the WRC at 13% moisture, it is possible to 
distinguish three dominant pore sizes (see Figure 6). 

Figure 3. Schematic of a pressure-plate with ceramic 
porous stone coupled with GCTS hanging column.

Figure 4. Lines of equal degradation indices according 
to sample water content and compaction energy.

Figure 5. Water retention curve of CDW.
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The shapes of the WRCs for low suctions (i.e., 
<100 kPa) were affected by compaction moisture.

As compaction moisture content grows, the 
magnitude of the first air entry value increases; 
this value is related to the largest pore size. The 
final part of the curves converges. This occurs for 
moisture values lower than 9%, which is equivalent 
to the amount of water absorpted by the recycled 
aggregates studied.

6 CONCLUSIONS

The water retention curves for three specimens of 
construction and demolition wastes were obtained. 
The axis translation technique combined with fil-
ter paper method allowed characterizing the water 
retention properties in samples compacted in the 
intermediate Proctor energy with different mois-
ture contents.

The equipment’s and techniques used to obtain 
the WRCs constitute an effective and low cost tool 
for determining the water retention properties of 
the construction and demolition waste materials.

The shape of each curve suggests a multi-modal 
distribution of pores. For the sample compacted 
with 13% moisture content, it was possible identify 
three dominant pore sizes using a model that relates 
the suction capillarity with the pore diameters.

Under the studied laboratory test conditions it 
was shown that compaction humidity affects the ini-
tial part of the WRC, while the end portion remains 
unchanged. Thus, changes in the initial form of the 
WRC have a connection with the breakage of the 
particles during the compaction process.

ACKNOWLEDGEMENTS

The authors would like to thank of the “Conselho 
Nacional de Desenvolvimento Científico e Tecnológ-
ico” CNPq and “Coordenação de Aperfeiçoamento 

de Pessoal de Nível Superior” CAPES of Brazil for 
providing the financial support for this research.

REFERENCES

Chandler, R.J., Crilly, M.S. & Montgomery-Smith, G. 
1992. “A Low-cost Method of Assessing Clay Desic-
cation for Lowrise Buildings,” Proceedings, Institute 
of Civil Engineering, 92(2): 82–89.

Gómez, A.M.J. 2011. Estudo Experimental de um 
Resíduo de Construção e Demolição (RCD) para Uti-
lização em Pavimentação. Dissertação de Mestrado, 
Publicação G.DM-196/11, Faculdade de Tecnologia, 
Departamento de Engenharia Civil e Ambiental, Uni-
versidade de Brasília, Brasília, DF, 123 p.

Hendriks, Ch.F. & Janssen, G.M.T. 2001. Reuse of con-
struction and demolition waste in the Netherlands for 
road constructions. Heron, 46(2): 109–117.

Lade, P.V., Yamamuro, J.A. & Bopp, P.A. 1996. Significance 
of Particle Crushing in Granular Materials. Journal of 
Geotechnical Engineering, 122(4): 309–316.

Leite, F.D.C, Motta, R.S., Vasconcelos, H.L. & 
Bernucci, L.L.B. 2011. Laboratory Evaluation of Recy-
cled Construction and Demolition Waste for Pavements. 
Construction and Building Materials, 25: 2972–2979.

Marinho, F.A.M. 2005. Nature of soil–water character-
istic curve for plastic soils. Journal of Geotechnical and 
Geoenvironmental Engineering 131(5): 654–661.

Marinho, F.A.M. & Oliveira, O.M. 2006. The Filter 
Paper Method Revisited. Geotechnical Testing Journal 
29(3): 1–9.

Marinho, F.A.M., Take, A. & Tarantino, A. 2008. Ten-
siometeric and axis translation techniques for suction 
measurement. Geotechnical and Geological Engineer-
ing 26(6): 615–631.

Marsal, R.J. & Resendiz, D. 1975. Earth and Earth-
Rock Dams (in Spanish). Limusa, Ciudad de Mexico, 
Mexico, 546 p.

Nimmo, J.R. 2004. Porosity and Pore Size Distribution. 
In Hillel D. editor. Encyclopedia of Soils in the Envi-
ronment. London. Elsevier.

Park, T. 2003. Application of Construction and Building 
Debris as Base and Sub-base Materials in Rigid 
Pavement. Transportation Engineering, ASCE, 129(5): 
249–264.

Rahardjo, H., Vilayvong, K. & Leong, E.C. 2010. Water 
Characteristics Curves of Recycled Materials. Geo-
technical Testing Journal, 34(1): 1–7.

Romero, E., Gens, A. & Lloret, A. 1999. Water perme-
ability, water retention and microstructure of unsatu-
rated compacted Boom clay. Engineering Geology 54: 
117–127.

Thu, T.M., Rahardjo, H. & Leong, E.C. 2007. Elasto-
plastic model for unsaturated soil with incorpora-
tion of the soil-water. Canadian Geotechnical Journal 
44(1): 67–77.

Vanapalli, S.K., Fredlund, D.G. & Pufahl, D.E. 1996. 
Model for the prediction of shear strength with 
respect to soil suction. Canadian Geotechnical Journal 
33: 379–392.

Figure 6. Multi pore shape in the water retention curve 
for the compaction moisture of 13%.

CAICEDO.indb   241CAICEDO.indb   241 12/27/2012   4:59:13 PM12/27/2012   4:59:13 PM



This page intentionally left blankThis page intentionally left blank



243

Advances in Unsaturated Soils – Caicedo et al. (eds)
© 2013 Taylor & Francis Group, London, ISBN 978-0-415-62095-6

Water infiltration in final cover layer of landfills in northeast 
region of Brazil

R.L. Lopes
Federal Institute for Education, Science and Technology of Rio Grande do Norte (IFRN), Natal/RN, Brazil

J.F.T. Jucá
Federal University of Pernambuco (UFPE), Recife-PE, Brazil

M.O.H. Mariano
Federal University of Pernambuco (CAA-UFPE), Caruaru-PE, Brazil

ABSTRACT: Final cover layers in landfills often suffer changes in their characteristics due to climato-
logical cycles. This paper presents the behavior in two different configurations, performed on an experi-
mental landfill, located in northeastern Brazil. The layers were instrumented with water content and 
temperature sensors, and a lysimeter to measure infiltration. The soil was characterized in laboratory and 
water retention curve allowed the suction evaluation and correlation with climatological variations. The 
total annual infiltration for the two layers was close to that recommended by USEPA for humid climate. 
Both layers presented infiltration rates in months of rainfall above 280 mm and saturation above 80%. 
When daily precipitation events were below 50 mm and the degree of saturation was below 60%, no infil-
tration was recorded. The two layers showed a very similar behavior with respect to infiltration, although 
the methanotrophic layer has always displayed saturation slightly above the capillary barrier.

layer called methanotrophic (MET01) was made 
by mixing soil and compost (50% v/v) above of 
the compacted soil layer. Another alternative layer, 
called capillary barrier layer (BAC), was made 
with compacted soil above gravel of big dimen-
sions with geotextile on the interface.

The layers are performed aiming at infiltrations 
and biogas emissions studies with different mate-
rials and design. This article presents the results 
of the investigation of water infiltration along 
eighteen months in these two top covers, as well 
as moisture variations in depth and in situ perme-
ability in both coverages.

2 THE EXPERIMENTAL COVERS

The total experimental cell dimensions are 
65 m × 85 m (area), with 9 m height. It was filled 
up with 36,659 t of urban waste from June/2007 
to February/2008. The investigation was con-
ducted in two types of cover layer of the cell as 
shown in Figure 1, according to the following 
characteristics:

Methanotrophic layer (MET): layer composed 
of 0.30 m of compacted soil under a mix of soil 
and compost layer. The proportion of the compost 

1 INTRODUCTION

Cover layers’ design should aim at a system that 
minimizes percolation to environmentally safe val-
ues. Landfill cover layer have been conventionally 
designed using ‘‘resistive barriers,’’ in which leach-
ate generation is reduced using materials with low 
saturated hydraulic conductivity (typically 10−9 m/s 
or less), where the percolation control is achieved by 
maximizing overland flow (Zornberg et al., 2003).

Final cover layers are necessary for environ-
mental protection and different types of materials 
and designs can be used to improve performance, 
especially preventing water infiltration and biogas 
emissions as shown by Benson & Khire (1995), 
McCartney & Zornberg (2002), Albright et al. 
(2004), Cabral et al. (2010) and Melchior et al. 
(2010). The cover layers are submitted to climate 
changes all over the year and it is necessary to 
establish adequate relations between climate and 
material characteristics for a better evaluation of 
the long-term performance.

Two different cover layers were put on an exper-
imental cell constructed in Muribeca Landfill, in 
the Metropolitan Region of Recife, Pernambuco, 
Brazil, in alternative to conventional cover layer 
with only compacted soil. The alternative cover 
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is 50% volume in mix with soil, which corresponds 
to 75% soil and 25% organic compost (w/w). The 
depth of the MET layer varies from 0.40 to 0.75 m 
and covers an area of 590.2 m2.

Capillary barrier (BAC): layer composed of 
0.20 m of gravel under a compacted soil layer with 
total thickness varying from 0.50 to 0.90 m. The 
superficial area is 500.3 m2. Geotextile was used in 
the soil-gravel interface.

3 METHODOLOGY

3.1 Soil characterization

Several samples were taken in field during the 
cover layers execution to determine granulom-
etry, compaction curve, Atterberg limits and 
water permeability according to Brazilian Asso-
ciation of Technical Standards procedures to soil 
classification.

The Soil-Water Retention Curve (SWRC) was 
made from field samples collected from the surface 
of each layer of coverage, in 0 to 0.15 m depth. 
The samples were collected in metal rings with a 
diameter of 0.07 m and height of 0.03 m, covered 
with PVC and aluminum foil, stored in a thermal 
box to preserve moisture and immediately sent to 
the laboratory. The method used was that of paper 
filter described by Marinho (1994).

The saturated permeability was determined 
in samples taken from PVC rings with 0.10 m 
diameter and 0.15 m height, in order to preserve 
field conditions. The test was done according to 
ASTM D5084-10 (ASTM, 2010) in a flexible wall 
permeameter following the procedures adopted 
by Maciel (2003) and Mariano (2008). The mois-
ture field capacity was estimated from the water 

retention curve according to Maia et al. (2005) 
considering tension of 10 kPa.

3.2 Water infiltration and in situ permeability

The infiltration assessment was done within June 
2009 to December 2010. The infiltrated water was 
daily measured in a lysimeter with dimensions 
0.60 m × 0.60 × 0.45 m, made of 3 mm carbon steel 
plates carried with anticorrosion treatment located 
below the top cover as illustrated in Figure 2.

Next to the lysimeter, water content and tem-
perature sensors were installed within 3 depths 
and the water infiltrated was collected daily 
through a tap installed on the lateral slope. The 
field permeability was determined from in situ 
daily infiltration measurements at specific times 
in both cover layers. The effective permeabil-
ity field was determined from the ratio between 
the height of  water infiltrated in a given period 
and the period of  time during which the drain-
age was measured and related to the saturation 
of  the cover layer in the period. It was made as 
proposed in the simplification by Albright et al. 
(2006) assuming a balance of  flow and vertical 
hydraulic gradient unit.

3.3 Climatological data

Rainfall data were obtained from INMET (Curado 
Station—Recife/PE), the nearest climatological 
station to the experimental cell’s and evapotranspi-
ration was determined by Thornthwaite’s method 
modified by Camargo et al. (1999).

4 RESULTS AND DISCUSSIONS

4.1 Material characterization

The soil used as cover for the experimental landfill 
has grain size distribution as shown in Table 1 and 
Figure 3. The SWRC data for the two materials as 
shown in Figure 4 and it had been fitted with Van 
Genuchten’s model (Van Genuchten, 1980).

Figure 1. Cover types of the experimental cell.

Figure 2. Lysimeter to infiltration measure.
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The addition of organic compost led to substan-
tially increase the organic content in the mixture 
soil/compost, modifying some characteristics, such 
as increased porosity, permeability and saturated 
field capacity, although the granulometric curve 
is similar to that observed by Cabral et al. (2011). 
These characteristics are important to evaluate the 
infiltration behavior through the cover layer.

Experimental data indicates that for the same 
range of suction (0 to1.000 kPa) MET01 loses or 
gains moisture faster than the BAC. Studies about 
unsaturated condition soil in landfill cover layers 
are important to understand the behavior of the 
material and establish water content intervals to 
minimize water infiltrations.

4.2 Water infiltration

The climatological regime during the period ana-
lyzed ranged from dry to intense rainfall periods. 
Some failures were observed in the first and second 
month running in BAC lysimeter, in a period of 
heavy rains, when leaks were found. Thus the total 
values of infiltration in this period to BAC lysim-
eter are unreliable. After fixing and reinstalling, the 
measurements were taken during the 16 months.

According to climate measurements, the initial 
period was marked by high infiltration rate in the 
initial months due to high intensity rainfall in a 
short period of time (109 mm/day), occurred in 
June 2009 in the region, so that the moisture 
quickly topped the field capacity. Infiltrations 
measured and precipitation are shown in Figure 5.

The infiltration was measured in periods when 
the precipitation was above 50 mm and when both 
the moisture of the surface layer and compacted 
soil exceeded moisture field capacity in MET01. 
Similar in BAC, infiltrations were measured when 
the interface of the soil/geotextile/stones reaching 
moisture field capacity, leading to capillary break 
effect.

In October 2009, rains were of short duration 
and magnitude, discontinuous, with higher daily 
rainfalls of 9 mm and a cumulative 16.3 mm. 
From October 2009 to March 2010, the infiltration 
dropped considerably, with insignificant measures 
due to increasing temperature and decreasing rain-
fall. Measurements above 1 mm/month were only 
recorded in the next rainy season, starting in April 
2010 to MET 01, and May 2010 to BAC.

In June 2010 rains were heavy, of large dura-
tion and magnitude, with daily maximum of 
149.7 mm and accumulated 543.9 mm. Between 16 
and 18 July there was a huge rainfall of 348.5 mm 
and both cover layers were saturated. Maximum 
monthly drainage was 34,3% of total precipitation 
in MET, and it was measured at the beginning of 
lysimeter installation.

Table 1. Soil characterization.

Geotechnical 
characterization

Soil 
(BAC)

Soil/compost 
(50/50) v/v 
(MET01)

Size (mm) 0.002 25 23
0.002–0.06 24 29
0.06–0.2 15 20
0.2–0.6 19 15
0.6–2.0 15 16
>2.0 2 7

% fines (<0.075 mm) 55 54
LL 43 52
LP 31 39
IP 12 13
Gs (kN/m3) 2.62 2.45
γdmáx (kN/m3) 16.6 13.0
Wopt (%) 19.0 22.3
Ksat (m/s) 4.4 × 10−8 2.8 × 10−6

Wcc* 20.4 28.7
porosity 0.43 0.52
Organic content (%) 0.5 11.6

*Wcc = water content in field capacity

Figure 3. Grain size distribution.

Figure 4. Soil Water Retention Curve (SWRC).
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The leakage rate measured at the BAC in the 
beginning of operation is greater than those meas-
ured by Albright et al. (2004). In the second year, 
infiltration of 30.5 mm approached the leakage 
measured by Suzuki et al. (2005) in a capillary bar-
rier in a humid climate.

Both cover layers in 2010 had already established 
a continuous regimen, between dry and wet sea-
sons. The total infiltration measured was 29.4 mm 
in MET01 and 30.6 mm in BAC, representing 
1,5% and 1,6% of total precipitation, closer to 
that recommended by the Environmental Protec-
tion Agency (USEPA) as 30 mm/year for humid 
climates (ratio Precipitation/evapotranspiration 
greater than 0.50).

4.3 Water content

Figure 6 and 7 show water content variation in 
depth on MET01 layer in dry and wet seasons 
respectively.

During the low precipitation it was observed 
reduced water content in MET01 because the 
amount of precipitated water was not sufficient 
to increase the moisture due to local evaporation. 
There was tendency to uniform profile due to low 
water availability for the phenomenon evapotran-
spiration during the dry season.

It was observed similar pattern of increased 
water content in profile as a function of rainfall 
over time. However, the compacted soil layer under-
neath mix soil/compost showed slower changes in 
water content. This is due to lower permeability 
(1.5 × 10−9 m/s) than the layer above (2.8 × 10−6 m/s). 
Thus, even with the high rainfall, occurred until 22 
June 2010, the moisture at 0.55 m depth remained 
constant and only after that there was a change 
of soil moisture, increasing their permeability and 
consequently causing the water flow.

The largest variations in water content was held 
at the surface layer in MET01 (mixture of soil with 
compost), decreasing from 40.5% to 18.0% by eva-
potranspiration potential in drier periods (Septem-
ber to February). Unlike, water content increased 
again during the rainy season (March to August). 
The surface layer is greatly influenced by climato-
logical conditions with wide range of water con-
tent, due to characteristics shown in SWRC to the 
MET01, gaining or losing moisture faster in the sur-
face layer than in the compacted layer underneath.

Due to higher proportion of organic compost in 
MET01, this cover layer settled vegetation charac-
terized by grasses soon after the start of implemen-
tation. The vegetation covering 100% of the upper 
surface and adjacent slopes, from January 2009, 
increased the moisture extract from soil through 
plant transpiration during dry periods, and pro-
mote the retention of moisture in rainy periods. 
However, this cover layer presented large cracks in 
the beginning.

To BAC layer the water content ranged from 
15.5% to 25.1% in the surface layer and 13.2% to 
25.4% at a depth of 0.40 m. These variations are 
somewhat smaller than those observed in MET01. 

Figure 5. Precipitation and infiltration measured.

Figure 6. Water content variation in depth on dry sea-
son (MET01).

Figure 7. Water content variation in depth on wet sea-
son (MET01).
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The sensor at a depth of 0.40 m depth failed in 
June 2010 and the moisture distribution over dif-
ferent periods of dry and rainy in capillary barrier 
could not be clearly determined in BAC.

It appears that in dry periods surface moisture is 
greater than the depth of 0.40 m, suggesting forma-
tion of a layer of water on the storage surface of the 
BAC, and for high rainfall intensity, moisture tends 
to be constant in the profile. This storage layer may 
have been provided by the presence of the geotex-
tile at the interface soil /rock, which has a similar 
permeability to a sand medium/coarse (10−2 m/s to 
10−3 m/s, according to the manufacturer’s catalog), 
taking into account the stone large particle size act as 
drain, since it does not retain water. Figure 8 shows 
moisture variations on BAC layer.

The water content profile shows a tendency 
almost constant in dry periods, below field capac-
ity, with lower water content next to interface soil/
geotextile/rocks. It was observed that when the 
interface reached the field capacity (w = 20.4%), 
the cover layer started to drain. Below this valor, the 
cover layer was able to store water due to capillary 
effects for existing differences between the fine soil 
permeability, the geotextile and capillary block.

The profile reached water content field capacity in 
rainy season, presenting direct relation with increas-
ing precipitation, and over time, decreasing in rain-
fall, the most superficial layer loses moisture more 
rapidly due to water availability for evaporation.

A vegetation layer with the same characteristics 
(grass) was developed in 85% of the area of capil-
lary barrier in the beginning of 2009, as in MET01. 
The vegetation was less intense near the interface 
with a conventional layer (not shown in this study) 
and side slope, which remain during the study 
period, even in months with low precipitation.

Similar studies in capillary barrier concluded 
that it was overloaded during periods of heavy 
rainfall, causing suction break (discontinuity) 
(Hupe et al., 2003, Berger & Melchior 2009).

4.4 In siu permeability

The in situ permeability measured over infiltration 
in the time and correlated with saturation degree is 
shown in Figure 9.

There was a tendency to a drastic reduction of 
water permeability to saturation degree below than 
60% in the MET01 and 55% in the BAC. Maxi-
mum permeability is reached in MET01 for satura-
tion degree above 95% and to BAC for saturation 
degree above 80%, coinciding precisely with the 
periods of infiltration.

In the period monitored MET01 showed degree 
of saturation ranging from 45% to 100% in 0.2 m 
depth and from 45% to 91% in the layer of com-
pacted soil (0.3 to 0.6 m), with 75% measurements 

below 76.% in the interface soil/waste. BAC layer 
showed degree of saturation ranging from 49% to 
94% in 0.2 m depth and from 38% to 98% in 0.4 
depth with 75% measurements below 61% next to 
interface soil/waste. These cover layers were in the 
unsaturated condition, during almost any time, 
thus representing conditions of low permeability, 
and consequently without infiltration.

5 CONCLUSIONS

This study indicates that for regions with similar 
rainfall occurrences those of the northeastern coast 
of Brazil, with incidences of rainfall concentrated 
in just over four months a year and the remain-
ing time with low rainfall, alternative cover layers 
can be used in final cover of landfill, presenting 
infiltration in safe values as recommended by the 
Environmental Protection Agency (USEPA) for 
humid climates.

Methanotrophic layers have been studied as an 
alternative to reduce fugitive emissions. This study 
has shown that a change in physical characteris-
tics by the addition of organic compost in the soil 
did not lead to significant increases in infiltration 
through the layer. Also the large amount of organic 
content promoted establishment of a vegetation 

Figure 8. Water content variation in depth on BAC.

Figure 9. In situ permeability and degree of 
saturation.
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that protect against erosion and helped the control 
of water content in depth.

The capillary barrier presented similar behav-
ior to methanotrophic layers. Unstable flows were 
observed when saturated, resulting in high rates of 
flow into the landfill, but in short time. It is rec-
ommended to include a surface layer of protection 
above the compacted soil barrier, with mix soil/
compost, to prevent high infiltration rates. Also, it 
is necessary to evaluate other materials to be used 
as capillary block, in order to minimize the unsta-
ble flows and increase the water retention in the 
layer above, because of the large permeability dif-
ferences in the interface material.
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Water retention properties of a residual soil from Caracas

A. Luis & D. Marcial
Universidad Central de Venezuela, Caracas, Distrito Capital, Venezuela

ABSTRACT: The hills of the South Eastern side of Caracas are actually in an intense urbanism process 
of certain rural zones where deep residual soil profiles develop. Elsewhere, necessary topography modifi-
cations generate slopes that require appropriate stability analysis. A research program is currently starting 
up at the soil mechanics laboratory of Universidad Central de Venezuela to determine the influence of 
suction in the hydro mechanical properties of these residual soils in unsaturated conditions. Within the 
framework of this research, the water retention curves of two residual soils from the referred site were 
determined using the pressure plate method. Soil specimens are tested after compacted to optimal water 
content and maximal Modified Proctor dry density. Results, obtained in a range of suction from 10 to 
600 kPa, allow obtaining the air entry value, residual volumetric water content and, in general terms the 
sensitivity of these soils to suction changes.

near Caracas city. However, because of social 
pressure due the growth of population, there have 
been a lot of new habitation buildings lately.

Alfaro (2008) indicates that soils mechanics 
studies often consider that the soil porosity is satu-
rated because this state represents a critical one for 
several work conditions. However, most of human 
population is established in places where soils are 
in a non saturated state.

To initiate case studies on unsaturated soils behav-
iour, it is first necessary to determine the water reten-
tion curve WRC of each considered soil layer. This 
curve establishes the relationship between soil suc-
tion and its water content. Figure 2 shows a typical 
water retention curve, presented by Fredlund et al. 
(1994) obtained both, from a saturated state (des-
orption curve) or from an air dried state (adsorption 
curve) in silty soils. Note the difference of position 
between curves obtained with different initial con-
ditions. This behaviour of great hysteresis is typical 
in granular soils, in which a big amount of air gets 
trapped in the soil pores during a wetting path from 
a low degree of saturation as initial condition.

In high plasticity clayey soils, water retained by 
adsorption forces predominate over water retained 
by capillarity, so the hysteresis is often much lower 
in this type of soils.

The WRC is the base element to determine other 
geotechnical parameters of unsaturated soils, such 
as permeability, which experimental method has 
been adequately solved by Daniel (1982). Daniel’s 
method is based on the WRC and the monitoring 
of suction variations at different positions within an 
infiltration column. Once it is known the hydraulic 
conductivity in unsaturated conditions, there can 

1 INTRODUCTION

During the last two decades, several important 
geotechnical events, related to intense and long 
rains, have occurred in Venezuela. After Gonzalez 
et al. (2002), when rain events persists during hours 
or days, they might cause shallow mass move-
ments, like mud flows but the climatic changes 
and their effects on the soil infiltration can induce 
also deeper movements in the soil mass, with more 
harmful consequences.

A history case to highlight this aspect is the 
rain event that occurred during late 1999 in Var-
gas estate, Venezuela. Then, important debris flow 
occurred in many locations along the north slopes 
of Avila formation that killed thousands of peoples. 
More recently, from late 2008, mass movements of 
shallow soil layers occur very often in several of the 
residential areas in South Eastern side of Caracas. 
These subsurface soils are most likely residual soils 
in natural o compacted state. In this investigation, 
the selected soil samples correspond to residual soils 
of slopes close to El Volcán hill, where the outcrop-
ping geological formation is named Las Brisas.

This geological formation is mainly composed 
of metamorphic mica schist rocks that allow deep 
residual soil profiles to develop. The locations of 
sampling sites are indicated in Figure 1. One of the 
samples corresponds to a cut slope at the north side 
of Los Guayabitos road in Baruta municipality. 
A second sample corresponds to a nearby rural sec-
tor called El Gavilán in El Hatillo municipality. Both 
places are within the limits of the Protected Zone 
of Caracas, named this way because of a restricted 
urban development to protect natural environments 
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be done more precise estimations of water infiltra-
tion in unsaturated profiles, during rain events.

Also, the WRC gives a good idea of the range of 
suctions that must be investigated to obtain sensi-
bility of resistance parameters (cohesion and inter-
nal friction angle) to suction changes.

Thus, valuable information is obtained and used 
to adequately approach slope stability problems in 
unsaturated soils.

2 MATERIALS AND METHODS

There are several methods to determine the WRC 
in a wide range of suctions. Their major applica-
tions are related to agronomy studies, but they have 
been also adapted to geotechnical engineering, see 
Fredlund (2005). The most common methods used 
to obtain WRCs cover specific suction ranges, but 
none method apply for the whole range. Therefore 
when the soil need to be investigated in a large 
range of suctions, it is necessary to combine differ-
ent methods. Most common methods are: electric 
conductivity method, the tensiometer, the porous 
plate apparatus, the filter paper method, the 
vapour phase method and the osmotic method. For 
sandy and silty soils the sensibility range to suction 

changes is relatively low. Thus, they can be boarded 
with techniques like the porous plate apparatus or 
the osmotic method. These methods cover suction 
ranges up to 1500 kPa. However, for clayey soils, 
water retention properties might vary in a large 
range of suctions, frequently beyond 100 MPa. 
Therefore it is necessary the combination of two or 
more methods, including the vapour phase method 
that permit to apply very high suction values.

The residual soil samples studied are sandy low 
plasticity silts. The grain size distribution curves of 
both samples are plotted in Figure 3. Note that the 
contents of fine particles are 68 and 78% for Los 
Guayabitos and El Gavilan sites respectively. Also, 
colloidal size particles contents are 17 and 19% for 
Los Guayabitos and El Gavilan samples respec-
tively. The main particle sizes d50 of both soils are 
0,042 and 0,05 mm respectively for Los Guayabitos 
and El Gavilan samples. Concerning soil plasticity, 
the soil from Los Guayabitos is not plastic and the 
soil from El Gavilan has very low plasticity.

For this type of soils, the pressure plate method 
should be well adapted to obtain the WRCs in the 
range of suction changes sensitivity of both soils. 
This method was developed by Richards (1941) and 
in the last 60 years it has been one o the most com-
mon methods to investigate water retention proper-
ties of soils in the suction range of 10 to 1500 kPa.

The method basis is to apply an air pressure to a 
wet soil sample, placed on water saturated ceramic 
porous stone of known air entry value. Since air 
pressure is lower than air entry value of the porous 
plate, the applied air pressure is considered to be 
equal to soil matrix suction. At a certain suction 
level, water exchanges between with the soil sample 
occurs trough the porous plate until equilibrium is 
reached. When equilibrium is reached, water flow 
through the porous plate ceases and then applied 
air pressure corresponds to the soil suction. The 
sample is withdrawn from the apparatus and the 
water content is measured. This way, applying dif-
ferent air pressures, the WRC is obtained in the 
range of the air entry value of the pressure plate. 
The upper side of Figure 4 shows the schematic 
set up of pressure plate method. The lower side of 
Figure 4 shows the process of placing soil speci-
mens in the pressure plate used in this work.

The initial conditions of tested soil samples 
correspond to static compaction with optimum 
water content to the modified Proctor maximal 
dry density. This is 13.4% and 1.79 Mg/m3 for Los 
Guayabitos site and 12.65% and 1.90 Mg/m3 for El 
Gavilán site.

The air dried soil was sieved by ASTM #10 and 
mixed with distilled water to the corresponding 
water content and stoked in a hermetic recipient 
during at least 24 hours to homogenize. Then soil 
is statically compacted in 50 mm in diameter and 

Figure 1. Location of sampling sites.

Figure 2. Typical desorption and adsorption curves for 
a silty soil Fredlund et al. (1994).
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layers of absorbent paper until constant weight 
is reached. The compaction device (left side), air 
dried samples and saturated samples are shown 
in Figure 5. Note that some swelling occurs dur-
ing saturation of samples. However, no volume 
changes are observed when air drying the samples.

Each sample was placed in the porous plate 
within a compaction ring to avoid the collapse of 
the sample.

3 RESULTS AND DISCUSSIONS

The first aspect to be established was the equilibrium 
time between the applied suction and water content 
of both saturated and air dried samples. To do so, 
8 samples with different initial state were placed in 
the pressure plate under a corresponding suction 
of 200 kPa. Each sample permits to determine the 
water content a different time, from a few hours to 
about 4 days. After each period of time is reached, 
samples are withdrawn from de pressure plate, 
weighed and oven dried to measure the correspond-
ing water content. Changes of water content with 
time are presented in Figure 6 for El Gavilan site. 
Note that samples in drying path reach equilibrium 
first than samples in wetting path. The equilibrium 
time for drying path is about 24 hours but for wet-
ting path is about 40 hours. After verifying equilib-
rium times with 10 and 1500 kPa, equilibrium time 
was fixed to 48 hours for the whole suction range. 
Note also important hysteresis between drying and 
wetting paths, typical of non plastic soils.

After equilibrium time was established, WRCs 
were obtained with at least two samples per each suc-
tion value. This was considered in order to account 
for possible heterogeneity due to soil composition 
or sample preparation. These results are presented 
in Figure 7. Note that studied suction range was 
limited to 600 kPa. This was because of limitations 
of the working pressure of the compression unit 
available to run the tests.

Concerning Los Guayabitos soil, both wet-
ting and drying paths cross at a suction value of 
600 kPa. The observed residual water content for 
this soil is of about 4.8 percent and the wetting 
path is quite stable from 250 to 600 kPa. However, 
no stabilisation is observed at the lower suction 
rage. Note also that at the lower value of 1 kPa, 
one obtain a very high dispersion of water con-
tent. This may be due to the fact that air pressure 
regulators do not show a fine control at this range 
of pressures. Thus, to adequately define de WRC 
of these residual soils, one may have to use a finer 
method like the porous plate method.

Concerning the WRC of El Gavilan soil, the 
range of water content changes are quite similar 
that los Guayabitos one. However, slight differences 

Figure 3. Particle size distribution of studied samples.

Figure 4. The pressure plate method.

Figure 5. Views of compaction device and prepared 
samples.

20 mm height rings. Compaction rate was about 
1 mm per minute. Compacted samples were then 
air dried to obtain the wetting path of WRC. For 
drying path samples were saturated by capilarity. 
To do so, samples were placed over water saturated 
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can be observed. In this case, wetting and drying 
path do not cross at the suction value of 600 kPa. 
Also, the residual water content observed with the 
wetting path is 7.0 percent, higher than 4.8 per-
cent obtained with Los Guayabitos soil. In this 
case, also dispersion of results at a suction value 
of 1 kPa is quite important, but the initial part of 
the drying path indicates that the air entry value 
appears to be very low (a few kPa).

In general terms, obtained WRCs show that the 
different stages of desaturation, as indicated by 
Vanapalli et al. (1999), were covered: the boundary 
effect stage, the transition stage and the residual 
stage of unsaturation.

Although both residual soils are located very 
close and they are in the same geological forma-
tion, they have slight differences in terms of soil 
composition that are reflected in the WRCs.

4 CONCLUSIONS

Drying and wetting water retention properties of 
two residual soils from Caracas hills were investi-
gated using the Richards or so called pressure plate 
method. The obtained results show that the differ-
ent stages of desaturation were covered and indicate 
that this method is well adapted to obtain the WRCs 
of investigated soils. Thus, mechanical properties 
should be also studied by adapting Richards method 
to triaxial test. However, some improvements must 
be incorporated. A higher working pressure com-
pressor unit must be used to obtain the water reten-
tion properties in the full range of the method (up 
to 1500 kPa). For very low suction values of about 
1 kPa the pressure control must be finer to avoid 
dispersion of results that is very important. If it is 
not possible others methods, like the suction plate, 
must be used to obtain precise information in the 
lower suction range, like the air entry value.
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ABSTRACT: The cover system of any landfill is responsible for controlling the water movement in 
and out of the landfill. For municipal solid waste landfills in particular, the generation of gases create 
another important design aspect for the cover system. If  the cover system is not adequately designed, the 
gas will escape to the atmosphere without control. One important parameter for cover design is the gas or 
air permeability. Usually, the soils used for the cover system come from different locations, and this may 
create heterogeneities within the cover system. This paper presents the results of an experimental study 
to obtain the coefficient of air permeability of unsaturated soil specimens from the cover system of a 
Brazilian landfill located in São Paulo state.

MSW disposition could minimise their environ-
mental effects if  an appropriated cover system is 
used. The cover or better saying the cover system, 
of  MSW is one of  the key elements for environ-
mental protection.

A cover system should serve the following 
functions:

• Work as a barrier for infiltration (which gener-
ates leachate).

• Help prevent the outflow of gases and odour.
• Avoid the presence of animals that could trans-

mit diseases.
• Work as a support for vegetation.

The biogas that is generated within a landfill 
can be used for energy generation, as has been 
done at Bandeirantes landfill in São Paulo, Brazil 
(e.g., Kaimoto et al., 2006). The cover system is 
also extremely important for controlling the emis-
sion of biogas to the atmosphere. Apart from the 
application mentioned above, the studies related to 
air permeability have direct application in reme-
diation techniques. A comprehensive understand-
ing of soil characteristics in terms of gas flow is 
important for any problem that involves gas or air 
flow in porous media.

This paper presents the results of an experimen-
tal study to obtain the coefficient of air permeabil-
ity of samples at different degrees of saturation. 
The tests were performed with specimens obtained 
from an undisturbed block taken from the cover 
system of the Bandeirantes landfill in Brazil.

1 INTRODUCTION

The placement of  municipal solid waste (MSW) in 
landfills started many years ago, and it is still used 
today. The biochemical processes within the land-
fill generate what is called biogas. The average com-
positions of  the main components of  biogas are 
54% methane (CH4), 42% carbon dioxide (CO2), 
and 3% nitrogen (N2). With the implementation 
of the Kyoto protocol, the emission of greenhouse 
gases should be restricted. The enhancement 
(anthropogenic) of  the greenhouse effect has to 
be avoided by reducing the emission of gases such 
CO2 and CH4. Considering that CH4 is 25 times 
more potent in increasing the greenhouse effect, 
the emission of CH4 should be avoided when pos-
sible. Reductions in the emission of greenhouse 
gases can be used to obtain carbon credits, which 
can be an important source of  resources (e.g., La 
Rovere et al., 2006).

In places where there is some control, the 
municipal solid waste (MSW) is placed in sanitary 
landfills. According to IBGE (2008) in Brazil, 
64.6% of  the MSW is placed in sanitary land-
fills, 15.6% is placed in controlled landfills and 
17.6% is simply dumped in an unspecific area. 
The remainder goes to other destinations, such 
as recycling or incineration. Apart from sanitary 
landfills, all other forms of  MSW disposition do 
not satisfy the requirements of  existing legislation 
and the technical specifications that should be 
met. Beyond that fact, all the procedure used for 
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2 LANDFILL FUGITIVE GAS

The traditional way to design a cover suggests that 
it has to have a very low permeability. Although in 
many situations, this is not the best way to design a 
cover for MSW, most landfills have a low hydraulic 
conductivity cover system. The use of soil with a 
low hydraulic conductivity may induce cracks due 
to accommodation of the waste and also due to 
desiccation. Cracks, bad compaction zones and a 
low water content in the cover create an easy path 
for the gas to escape and avoid the drainage system 
when one exists. Although there are indications 
that forced extraction of the biogas can capture up 
to 80% of the gas generated (e.g., Park and Shin, 
2001), the amount of fugitive gas in landfills can be 
significant. Many solutions can be applied to cases 
in which the fugitive emission is high. The identi-
fication of hot spots is the first step in obtaining 
the solution in many cases. It is not the objective 
of this paper to discuss solutions for fugitive emis-
sions of biogas. However, some alternatives to 
reduce fugitive emissions are compaction, increas-
ing the water content and the use of biofilters with 
methanotrophic bacteria (e.g., Barlaz et al., 2004).

In any case, the material to be used as a cover 
should be evaluated in relation to its permeability 
to air (or gas).

3 AIR PERMEABILITY

The Darcy law was formulated for the flow of a 
viscous and incompressible fluid within a porous 
media under laminar conditions. The volumetric 
flow (Q) of a gas in porous media can be described 
by the following expression:

Q
k

A
dP
dx

=
μ  

(1)

Q = volumetric flow rate (L3/T)
k = permeability (L2)
μ = dynamic viscosity (PT)
dP/dx = pressure gradient (P/L)

For compressible fluids, assuming that the gas 
behaves like an ideal gas, the volumetric flow is 
given by the following equation:

Q
k

A
P P

P L
inPP atPP m

atPP m
=

μ

2 2P
2  

(2)

The permeability is:

k
LP Q

A
atPP m

in atm
=

2
2 2

μLL
( )P PinPP atPP m−2 2P  

(3)

Pin = pressure in (absolute pressure)
Pout =  pressure out (here, it is the atmospheric 

pressure, Patm).
When the applied pressure is relatively small 

in relation to the atmospheric pressure, the air 
compressibility can be ignored without signifi-
cant errors, although is very simple to take it into 
account.

The coefficient of permeability (L/T) is given by:

K
k g

=
ρk gk g
μ  

(4)

ρ = density of the air (1.205 kg/m3 at 20°C)
μ = dynamic viscosity (1.85 * 10S−5 Pa s)
g = acceleration due to gravity (9.81 m/s2)

The gas permeability differs from the permeabil-
ity to liquids, and it is dependent on the applied 
mean pressure, temperature and nature of the gas. 
Ceteris paribus, the lower the pressure, the higher 
the permeability. The Klinkenberg effect is respon-
sible for this behaviour.

According to Klinkenberg (1941), the gas per-
meability at a finite pressure is given by

k k
b

PavPP
+k ⎡

⎣
⎢
⎡⎡
⎣⎣

⎤
⎦
⎥
⎤⎤
⎦⎦

inkkk t 1
 

(5)

where kint is the intrinsic permeability (or the 
Klinkenberg permeability), b is the Klinkenberg 
factor, which is dependent on the pore structure of 
the medium and the temperature for a given gas. 
Pav is the average pressure.

Figure 1 presents a schematic representation 
of the determination of the parameters for the 
Klinkenberg empirical equation. Note that the 
intrinsic permeability represents the value obtained 
under very large gas-phase pressure, and it depends 

Figure 1. Schematic representation of the relationship 
between the mean pressure and the apparent coefficient 
of permeability (modified from Abbas et al., 1999).
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only on the porous media. It is independent of the 
nature of the fluid. The figure shows the effect of 
the degree of saturation, which acts as part of the 
soil structure.

Many authors have shown that the Klinkenberg 
permeability and Klinkenberg factor (b) depend on 
the degree of saturation (e.g., Estes et al., 1956, using 
oil and Abbas et al., 1999 using water). Qingjie et al. 
(2002) presented a model that reproduces the varia-
tion of the Klinkenberg factor (b) with the degree 
of saturation. Estes and Fulton (1956) showed that 
the variation of b with the degree of saturation is 
clearer for degrees of saturation below 50%. In the 
model presented by Qingjie et al. (2002), that value 
is approximately 20%.

The Klinkenberg effects are significant in any 
situation in which the mean free path of gas mol-
ecules in porous media approaches the pore dimen-
sion. The concept of free-molecule flow is useful to 
understand the mean free path because it describe 
a situation in which gas molecules collide more fre-
quently with flow boundaries (soil particles) than 
with other gas molecules. A large free path means 
that significant molecular collisions occur with the 
soil particles rather than with other gas molecules. 
The gas permeability is then enhanced by ‘slip 
flow’. Therefore, it is expected that the Klinkenberg 
effect is significant for clay and silts and small for 
sands. Abbas (1999) suggested that when the pres-
sure tends towards infinity, the flow become a vis-
cous flow. Depending on the type of soil used for 
the cover system, the Klinkenberg effect may be 
significant. When it is necessary to determine the 
air permeability of the cover system, it is recom-
mended that one determine how the Klinkenberg 
effect is affecting the flow for the soil investigated.

In this paper, the tests were performed using an 
atmospheric flow mode under constant differential 
pressure. In this case, the air leaving the specimen 
is allowed to flow directly to atmosphere. McPhee 
and Arthur (1991) suggested that the test be per-
formed under back pressure. However, the use of 
back pressure for compressible materials requires 
the use of a high confining pressure. A high confin-
ing pressure may induce significant changes in the 
void ratio and therefore change the air permeabil-
ity. It should be noted that the soil compressibility 
creates difficulties for interpreting the Klinkenberg 
effect.

4 MATERIALS AND METHODS

4.1 Soil from the cover of the Bandeirantes 
landfill

The soil tested is sandy silt (39% silt, 46% sand, 
11% clay and 4% gravel) with a low plasticity. 

The Atterberg limits are wl = 39% and wp = 31%, 
and the specific density of the solids is 2.77. The 
soil-water retention curve was obtained from undis-
turbed samples using a suction plate (from 0 to 
30 kPa), a pressure plate (from 30 kPa to 500 kPa) 
and filter paper (above 500 kPa). Figure 3a presents 
the retention curves for two samples and the results 
from suction measurements made with the samples 
used for the permeability test.

4.2 Specimen preparation

The specimens were obtained from undisturbed 
blocks obtained from the cover system of the 
Bandeirantes landfill. The specimens were trimmed 
to a diameter of 38 mm and a height of approxi-
mately 80 mm. The initial conditions of the speci-
mens tested are presented in Table 1. The specimens 
are named according to the two series of tests per-
formed. Specimens from serie A were tested under 
the same air pressure an specimens from series B 
were tested under different air pressures to evaluate 
the Klinkenberg effect.

4.3 Air permeability cell

All tests were performed using air for operational 
safety reasons. The tests were carried out at the soil 
mechanics laboratory of the Politechnique School 
of São Paulo University.

The air permeability cell consists of a triaxial cell 
adapted to perform air permeability tests. Figure 2 
presents the details of the equipment used.

At the base and at the top of the specimen, 
a dry, coarse porous material was used. After 
the specimen was placed on the pedestal of the 
cell, a membrane was placed, and the soil was 
isolated using “orings”. A cell pressure was 
applied to avoid flow between the samples and the 
membrane. The air pressure is adjusted at the base 

Table 1. Characteristics of the specimens tested.

Specimen
Suction 
(kPa)

wnat 
(%)

γd 
(kN/m3) e

S 
(%)

A1-48 48 20.8 14.4 0.885 65.0
A1-61 61 18.9 14.8 0.831 63.1
A1-165 166 13.4 14.6 0.853 43.6
A1-230 231 13.4 14.5 0.875 42.5
A1-433 434 13.4 14.2 0.904 41.1
A1-530 531 13.44 13.9 0.953 38.9
A2-67 67 17.89 13.6 0.991 49.9
A2-100 100 14.7 14.1 0.861 45.6
A2-200 200 11.9 14.2 0.909 36.2
B1 61 23.2 14.2 0.910 70.2
B2 162 14.5 14.3 0.900 44.4
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of the specimen, and atmospheric pressure was 
maintained at the top.

The flow of air was measured using a soap film 
flow meter (Barr, 1934). Two flow meters were used 
with a total volume of 25 ml and 50 ml. The soap 
used was an ordinary detergent diluted with water. 
The wall of the flow meter was cleaned and wetted 
before use. After a series of repeatable measure-
ments (a minimum of 15 were performed) the time 
and volume of the flow was recorded and associ-
ated with the specimen condition.

4.4 Air permeability tests results

The coefficient of air permeability (K) is given by 
the following equation:

K
gLP Q

A
atPP m

in atm
=

2
2 2

ρgg
( )P PinPP atPP m−2 2P  

(6)

From the above equation, it can be observed 
that the air flow is not proportional to ΔP but to 
the pressure squared ( )in atm

2 2 . In our case, 
P2 is atmospheric pressure (e.g., Vangpaisal and 
Bonazza, 2004).

The intrinsic permeability and the air permea-
bility obtained are presented in Table 1. The results 
from series B are shown in Figure 4.

Figure 3a presents data from soil water retention 
tests performed in two representative specimens 
and individual data obtained from the specimens 
used for permeability tests, according to Table 1. 
The results indicate that the air entry value of the 
soil is low; it is less than 10 kPa.

In Figure 3b, the results are shown in terms of 
the effective degree of saturation along with the fit-
ting obtained using the Brooks and Corey model 
(Brooks and Corey, 1966). The suction measure-
ments were obtained using a suction plate (1 to 
30 kPa), a pressure plate (30 to 500 kPa) and filter 
paper (> 500 kPa). Figure 3c presents the relation 
between the coefficient of permeability and the 
suction and the Brooks and Corey model. The 
parameters of the model are (ua – uw)b = 7 kPa 

Figure 2. Setup of the permeability cell.

Figure 3. Coefficient of permeability, effective degree 
of saturation and degree of saturation versus suction.

Table 2. Intrinsic permeability and air permeability of 
the specimen tested.

Specimen k (m2) Ka (m/s)

A1-48 3.00 × 10−13 1.87 × 10−7

A1-61 2.70 × 10−13 1.69 × 10−7

A1-165 3.11 × 10−13 1.98 × 10−7

A1-230 2.6 × 10−13 1.60 × 10−7

A1-433 2.86 × 10−13 1.76 × 10−7

A1-530 2.51 × 10−7

A2-67 9.00 × 10−13 5.60 × 10−8

A2-100 1.1 × 10−12 6.96 × 10−7

A2-200 8.00 × 10−13 5.60 × 10−7

A3-500 1.17 × 10−12 7.21 × 10−7
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(which is the air entry value) and λ = 0.25 (which is 
the pore size distribution index).

Figure 4 presents the relation between the 
intrinsic permeability and the inverse of the mean 
applied pressure for series B. The results obtained 
within series A showed a significant variability. 
Although data from series A were obtained using 
different specimens from the same undisturbed 
sample, no measured parameter could be identi-
fied that could explain the variability. The speci-
mens that presented a higher permeability had a 
degree of saturation of approximately 40%. How-
ever, from the five specimens that presented a lower 
permeability, three also had a degree of saturation 
of approximately 40%.

McPhee and Arthur (1991) mentioned that 
the determination of Klinkenberg parameters is 
extremely sensitive to the test methods and proce-
dures used. To obtain the Klinkenberg parameters, 
all points from both series were considered. The 
intrinsic permeability (Kint) (or Klinkenberg per-
meability) obtained was 1.59 * 10–13 m2, and the b 
parameter was 9.45 kPa (Eq. 5). It should be noted 
that when testing soil, the compressibility of the 
specimen may create different pore sizes during the 
increase of the confining pressure that is required 
to be able to increase the air pressure. The increase 
in suction also induces changes in pore size.

The Klinkenberg coefficient may be estimated 
using the empirical equation proposed by Jones 
(1972), where the intrinsic permeability k is given 
in m2 and b is given in kPa.

b k4 0k−k 36. *8 .

Applying the above equation, b = 6.8 kPa, which, 
although different from the result presented above, 
yields a reasonable trend (see Figure 4) consid-
ering that the porosity of the specimen tested 
changes with increasing pressure. The use of the 
equation proposed by Heid et al. (1950) gives also 

a reasonable trend. It should be noted that the use 
of other equations, such as the one suggested by 
Jones and Owens (1980), can give very different 
results. It can be concluded that the use of 
empirical equations is difficult for many reasons, 
including differences in the pore size distribution 
and the compressibility of the specimen.

Considering the permeability (k) for a low pres-
sure (5 kPa), the coefficient of permeability (K) can 
vary from 3.3 * 10−7 m/s to 1.8 * 10−7 m/s using the 
values obtained experimentally and the one based 
on Jones (1972). If  the Klinkenberg effect is not 
taken into account, the coefficient of permeability 
for low pressures would be 1.4 * 10−7 m/s. It can be 
conclude that the Klinkenberg effect is negligible 
for this case because the variability of the coeffi-
cient of permeability for the soil is much higher 
than this value. Apart from the actual variability, 
the determination of the Klinkenberg permeability 
is strongly affected by the accuracy of the pressure 
measurement and also by the setup used to apply 
the pressure. According to McPhee and Arthur 
(1991), the use of atmospheric mode induces sig-
nificant variability in the results due to instabilities 
of the pressure system.

5 CONCLUSIONS

The soil obtained from the cover of the landfill 
represents a specific point of the cover system. The 
results obtained suggested that the material has 
an air entry suction value of approximately 7 kPa, 
which may facilitate fugitive emissions of biogas 
during the dry season. The air entry value of the 
soil tested is too close to the pressure values that 
can be found below landfill covers. Landfill covers 
should be designed and constructed by consider-
ing, among others parameters, the air entry value 
of the compacted soil used. The Klinkenberg effect 
was negligible for the material and level of pres-
sure tested. Considering that the pressure of the 
biogas at the cover system interface is usually low 
(< 5 kPa) the Klinkenberg effect can be ignored. 
The air permeability decreases rapidly for degrees 
of saturation above 60%. Based on field measure-
ments performed in São Paulo City, the suction at 
approximately 30 cm deep may reach a value of 
approximately 100 kPa close to the surface. Based 
on this, the air permeability of the cover may 
increase up to 2 * 10−7 m/s.
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Water retention curves for a tropical soil contaminated by vinasse
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ABSTRACT: The ethanol production has increased considerably and also the generation of one of 
its main effluents, called vinasse, in Brazil. The area studied presents an unsaturated tropical soil profile 
where sugar cane was grown. This research aims to evaluate the influence of the vinasse in the physical, 
chemical and water retention characteristics of this soil profile. Pitcher sampling with Denisson tube was 
used to collect disturbed and undisturbed soil samples in areas with and without vinasse until 24 meters 
deep. These soil samples were submitted to geotechnical, mercury intrusion porosity, X-ray fluorescence 
and filter paper tests. All the soil samples were classified as clayey-silt sands and fine particle aggregations 
were observed for soil samples with vinasse. The water retention curves were influenced by the macro and 
microposity. The pore distribution and the symmetry of the curves in both pathways can be affected by 
the presence of vinasse.

The region relief  is depicted as slightly wavy, 
with altitudes varying from 450 to 650 m and 
declivities from 0 to 30%. In hydrogeological 
terms, there are two main aquifer systems: Sistema 
Aqüífero Guarani (Guarani Aquifer system) and 
Sistema Aqüífero Serra Geral (Serra Geral Aquifer 
system). Sistema Aqüífero Guarani consists of 
two geological formations called Pirambóia and 
Botucatu. Serra Geral Formation composes the 
Serra Geral Aquifer System.

Particularly, it is proposed to assess character-
istic changes, being physical, chemical and water 
retention of unsaturated soil layer in a certain place 
from such region, used as natural tank (opencast 
digging without waterproofing) to arrange vinasse 
during 20 years.

Geophysical electro-resistivity test was per-
formed outside and inside the area of the tank 
by using electric conductivity method until 20 m 
depth. Conductive anomalies in electric conductiv-
ity lines are pointed out inside the tank (Da Cruz, 
2008, Da Cruz et al., 2008).

From such anomalies, direction and flow 
direction of greater intensity were defined, as 
Figure 1 indicates, where the two collect points 
of disturbed and undisturbed soil samples were 
presented, inside and outside tank area, chosen to 
perform standardized experiments of geotechnical 
and chemical characterizations and determine soil 
water retention curves, using paper filter method 
in laboratory.

Chemical characterizations are not present in 
this research; however, they can be seen in Arcaro 
et al. (2010).

1 INTRODUCTION

In Brazil, the program to motivate alcohol and 
biodiesel production has favored extending sug-
arcane agriculture and created more factories in 
the country because of the demand for clean fuels. 
Extending alcohol production has substantially 
increased one of the main effluent generations, 
called vinasse.

Silva & Orlando Filho (1981) report some chem-
ical elements present in the composition of vinasse 
as C, N, P, K, Ca, Mg, S, Fe, Cu, Zn and Mn, in 
addition to pH obtained in chemical analyzes of 
several samples of vinasse from Brazilian sugar 
and alcohol mills. High concentrations in terms of 
macro and micronutrients and in pH values were 
found in these samples.

Physical and soil water retention characteristics 
suffer changes with vinasse presence (Cunha et al., 
1987, Aguiar 1992, Cruz et al., 1991, Luz et al., 
2010), from them the organic matter concentration 
increase, pH increase, expanding salinity and com-
pression resistance.

The research studies the influence in water reten-
tion capacity of the soil profile contaminated by 
vinasse and located in productive Aquifer System 
from São Paulo State, in Brazil.

This research study area is located at Assenta-
mento Sepé Tiaraju, in the Municipalities of Serra 
Azul and Serrana, in Ribeirão Preto region, State of 
São Paulo, Brazil, with UTM projections: 234000 
and 7647200. In this area, there were sugar cane 
crops irrigated with raw vinasse as natural fertilizer 
by means of aspersion and effluent channels.
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2 MATERIAL AND METHODS

Disturbed soil samples were collected into the deac-
tivated tank pit by the auger drilling probe every 
meter of depth, from the ground level. The maxi-
mum depth reached was 24 m, in which the table 
water was found.

Undisturbed soil samples were collected by 
Pitcher sampling, with Denisson casing, until 
maximum depth of 24 m. These soil samples were 
collected every 1.5 m of depth, from the ground 
level.

Some disturbed soil samples were submitted to 
geotechnical characterization tests, as following: 
grain-size distribution (ASTM, 1998a) and Liquid 
and Plastic Limits (ASTM, 1998b).

The soil samples used to determine the soil-
water retention curves were a) undisturbed soil 
samples with vinasse collected at depth ranges: 
0 m to 0.3 m; 1.5 m to 2.2 m; 10.5 to 11.2 m; and 
15.0 to 15.6 m; and b) undisturbed soil samples 
without vinasse collected at depth ranges: 0 m to 
0.3 m; 1.5 m to 2.0 m, and 10.5 to 11.0 m. The 
first soil samples were symbolized for S1-WV; 
S2-WV, S3-WV and S4-WV, respectively. The last 
soil samples were symbolized for S1-NV; S2-NV 
and S3-NV.

Theses soil samples were submitted to porosim-
etry tests with mercury intrusion, except the sam-
ples collected at 0 m to 0.3 m depth and at 10.5 m 
to 11.0 m without vinasse.

Soil-water retention curves (SWRC) were 
obtained by filter paper technique (ASTM, 2004), 
with drying and wetting pathways. Two to three 
specimens were prepared from each soil samples, 
using stainless steel rings of 0.05 m diameter and 
0.02 m height.

Paper filter Whatman No. 42 was used and 
Chandler et al. (1992) calibration equations pro-
posed. Experimental points of water retention 
curves were fitted with van Genutchen (1980) 
equation, expressed as Equation 1:

w wr
sat r

v
n m= +wr

( )w wsat rw
[ (+ ) ]nα ψv ))  

(1)

where: ψ is the matric suction (kPa); w, gravimet-
ric moisture content (%); wsat, gravimetric moisture 
content at saturation (%); wr, residual gravimetric 
moisture content (%); αv, fitting parameter (kPa−1); 
n and m, fitting parameters related to the pore dis-
tribution and curve symmetry, respectively.

3 RESULTS AND DISCUSSION

Average values of solid unit weight (γs), liquid limit 
(LL) and plasticity index (PI) obtained for soil 
samples with and without vinasse are presented in 
Table 1. Discreet decreasing of the plasticity along 
the depth and low variation of solid unit weight 
were observed.

Grain-size distribution curves with and without 
deflocculant (WD and ND, respectively), during 
the sedimentation phase of the tests are presented 
in Figure 2. The percents of each fraction regard-
ing the depth range of collection (z) are shown in 
Table 2.

Although there were differences in the grain-
size distribution curves obtained using or not the 
deflocculant, all soil samples were classified as 
clayey-silty sands. The sand fraction increased 
and the clay fraction decreased along the depth, 
according to PI (Table 1).

All the experimental SWRC presented bimodal 
pore-size distribution, with macro and micropores, 
except experimental SWRC at 0 m to 0.3 m depth. 
Macro and micro structures of the soil samples can 
also be seen in Figure 5. The micropore frequen-
cies (about between 0.01 to 0.1 μm) were high for 
all soil samples, but they were slightly lower for 
deeper samples (S5). Macropore frequencies (about 
between 1 to 100 μm) were different: S2-WV sample 
presented the highest macropore frequencies, fol-
lowed by S2-NV, S3-WV, S5-WV and S5-NV sam-
ples. However, the macropores frequencies between 
about 40 to 100 μm were higher for S2-WV.

Experimental SWRC obtained over drying and 
wetting pathways are presented in Figures 3 and 4, 
respectively. SWRC representative of each depth 
were considered. Bulk density (ρd) and void ratio 
(e) values of specimens are showed in Table 3. 
Logarithm curves of the differential volume versus 
pore diameter obtained by porosimetry tests are 
presented in Figure 5.

Figure 1. Area studied (Modified from Da Cruz, 
2008).
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Void ratio values decrease along the depth 
(Table 3) except the soil samples at 0 m to 0.3 m 
depth, because of the densification process by 
agricultural machinery. This fact suggests that the 
shallower soil samples have been suffering leaching 
process presenting microaggregation (Table 2) and 

Table 1. Average value of physical indexes.

Depth range of 
collection (m)

LL
% PI

γs
kN/m3

2–3 30.3 10.1 28.17
6–7 28.3  9.0 28.06
9.5–10 31.3 11.7 28.13
12–13 27.7  7.9 28.07
15–16 24.7  6.8 27.53
18–19 29.5 11.0 27.71
20–21 23.9  6.1 28.09
23–24 21.3  3.1 27.66

Figure 2. Grain-size distribution curves with and with-
out deflocculant.

Table 2. Fraction percent.

With 
deflocculant

Without 
deflocculant

z (m) Clay % Silt % Sand % Clay % Silt % Sand %

2–3 22.0 21.1 57.0 18.7 25.7 55.7
6–7 20.6 24.0 55.3 14.3 27.3 58.4
9.5–10 25.1 24.6 50.3 20.5 21.0 58.5
12–13 18.9 25.6 55.5 16.4 21.2 62.5
15–16 19.0 24.4 56.5 15.9 23.9 60.2
18–19 15.0 25.6 59.4 10.7 28.3 61.0
20–21 17.4 28.9 53.6 10.9 22.5 66.6
23–24 12.3 23.5 64.2  7.2 15.8 77.0

Figure 3. Experimental SWRC for drying pathway.

Figure 4. Experimental SWRC for wetting pathway.

Figure 5. Curves of logarithm of the differential vol-
ume versus pore diameter.

CAICEDO.indb   261CAICEDO.indb   261 12/27/2012   4:59:22 PM12/27/2012   4:59:22 PM



262

macro and micro porosity (Fig. 5). The deeper soil 
samples, although present microporosity, showed 
less expressive macroporosity, which can be associ-
ated with geostatic stress action.

SWRC obtained for drying pathway (Fig. 3) 
at different depths presented differences between 
them mainly for matric suction values between 0.1 
to 35 kPa. SWRC also presented differences for the 
matric suction values between 35 kPa e 1000 kPa, 
except the S1 samples. SWRC obtained for wet-
ting pathway (Fig. 3) at different depths were dis-
tinct for any matric suction values. The values of 
gravimetric moisture content at saturation for the 
SWRC obtained were very distinct. The values of 
gravimetric moisture content at saturation were 
very distinct for all the SWRC (Figs. 3 and 4).

These differences among curves are related 
to pore distribution of the samples, mainly of 
the macropores, according to Figure 5 and to 
decreases of the clay fraction amount and the void 
ratio along the depth (Tables 2 and 3).

The van Genuchten (1980) equation was used to 
fit the experimental SWRC. For the bimodal SWRC, 
the curves were divided in two stretches: 1st stretch 
related to macroporosity and 2nd stretch related to 
microporosity. Each curve presented different val-
ues for these stretches, according to Table 4.

The fitting parameter values from van Genuchten 
(1980) are presented in Tables 5 and 6, respectively 
for drying and wetting pathways. Experimental and 
fitted SWRC, for the drying and wetting pathways 
are presented in Figures 6 and 7, respectively.

The “n” and “m” fitting parameter values showed 
divergent for the S1 samples with and without 
vinasse (Table 5). For the S2 samples, few differ-
ences were found. Nonetheless, for the S3 samples, 
different “αv” values for the two stretches and dif-
ferent “m” values in the stretch related to micropo-
rosity were found. The fitting parameter values in 
the stretch related to macroporosity for the S4-WV 

sample were closer to S3—for WV sample, however, 
the fitting parameter values in the stretch related to 
microporosity were very distinct of other samples.

These observations indicate that the presence of 
vinasse in the soil samples may have decreased the 
air-entry values of the macro and micropores and 
the symmetry of the SWRC in the microporosity 
stretch.

The fitting parameter values presented in Table 6 
for the S2 samples indicated more expressive dif-
ferences for the “n” and “m” parameters refering 
to macro and microporosity. This fact suggests 
that the pore distribution and the symmetry of the 

Table 3. Physical indexes of the specimens.

Soil sample z m
ρd  
g/cm3 e Pathway

S1-WV 0–0.3 1.91 0.47 Drying
S1-NV 0–0.3 1.85 0.50 Drying
S2-WV 1.5–2.2 1.63 0.63 Drying
S2-NV 1.5–2.0 1.83 0.50 Drying
S3-WV 10.5–11.2 1.95 0.35 Drying
S3-NV 10.5–11 1.95 0.36 Drying
S4-WV 15–15.6 1.94 0.45 Drying
S2-WV 1.5–2.2 1.65 0.65 Wetting
S2-NV 1.5–2.0 1.81 0.51 Wetting
S3-WV 10.5–11.2 1.82 0.53 Wetting
S3-NV 10.5–11 1.81 0.54 Wetting
S4-WV 15–15.6 1.79 0.58 Wetting

Table 4. Stretches considered in the fitting.

Soil sample Pathway 1st Stretch kPa 2nd Stretch kPa

S1-WV Drying 0.1–1,500 –
S1-NV Drying 0.1–7,500 –
S2-WV Drying 0.1–1,000 2,000–90,000
S2-NV Drying 0.1–1,000 2,000–90,000
S3-WV Drying 0.1–800 1,000–90,000
S3-NV Drying 0.1–15 20–90,000
S4-WV Drying 0.1–40 50–20,000
S2-WV Wetting 0.1–30 40–90,000
S2-NV Wetting 0.1–10 15–90,000
S3-WV Wetting 0.1–10 15–90,000
S3-NV Wetting 0.1–300 400–90,000
S4-WV Wetting 0.1–200 300–2,000

Table 5. Fitting parameter values from van Genuchten 
(1980) for drying pathway.

Soil
samples

1st Stretch-macro 2nd Stretch-micro

αv kPa−1 n m αv kPa−1 n m

S1-WV 0.35 1.4 0.12 – – –
S1-NV 0.30 7.4 0.06 – – –
S2-WV 0.05 3.8 0.65 0.0004 1.85 0.46
S2-NV 0.05 3.3 0.70 0.0005 1.78 0.44
S3-WV 0.50 2.0 0.50 0.0005 0.75 0.80
S3-NV 0.09 2.0 0.50 0.00008 1.00 4.20
S4-WV 0.40 1.8 0.40 0.00012 0.05 2.50

Table 6. Fitting parameter values from van Genuchten 
(1980) for wetting pathway.

Soil
samples

1st Stretch-macro 2nd Stretch-micro

αv kPa−1 n m αv kPa−1 n m

S2-WV 0.26 2.8 0.64 0.06 1.70  0.41
S2-NV 0.22 6.0 0.86 0.06 1.50  0.33
S3-WV 0.20 4.8 0.79 0.0004 1.15 12.0
S3-NV 0.08 5.0 0.80 0.00009 1.90  9.0
S4-WV 0.03 5.5 0.50 0.001 1.90  1.7
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curves during the wetting process can be affected by 
presence of vinasse. The “αv” parameter values in 
the stretch relates to macro and microporosity and 
the “n” and “m” parameter values in the micropo-
rosity stretch were significantly changed with the 
presence of vinasse for the deeper samples.

4 CONCLUSIONS

The research studied the influence in water retention 
capacity of the soil profile contaminated by vinasse 
and some considerations could be highlighted.

The soil samples collected along soil profile were 
classified as clayey-silt sand, regardless whether or 
not the deflocculant is used in the sedimentation tests. 
The amount of sand fraction increased along the 
depth with consequent reduction of the plasticity.

The soil water retention curves (SWRC) 
obtained in the drying and the wetting pathways 
presented bimodal pore distribution, except the 
shallower samples due to densification processes by 
use of the agricultural machinery. The porosimetry 
tests confirmed the presence of macro and micro 
pores in the soil samples, with high frequency of 
macropores for the shallower samples.

SWRC obtained in distinct depth presented dif-
ferences that can have relation with pore distribu-
tion, mainly the macropores, of the soil samples, 
and with the decreases of the clay fraction amount 
and the void ratios along the depth.

In general, the pore distribution and the symme-
try of the SWRC in both pathways can be affected 
by the presence of vinasse.
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Permeability studies with blend of fly Ash and Rice Husk Ash 
stabilized soil subgrade
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ABSTRACT: Permeability of soil subgrade plays a vital role in sustainable subgrade strength. Fly Ash 
and Rice Husk Ash (RHA) are the waste products which can be utilized as a potential stabilization 
material. Present study addresses effects of fly ash and RHA on permeability characteristics of CL and 
CL-ML (USCS classification) soil subgrade. Experimental investigations for class-F fly ash and uncon-
trolled burnt RHA have been performed in varying proportions independently and in blended combi-
nations with the subgrade soils. The laboratory investigations for permeability modification reported 
significant increase in permeability (10−9 to 10−5 cm/sec) with fly ash and RHA stabilization for CL and 
CL-ML soil with good regression. The effects of fly ash and RHA stabilization on change in voids ratio 
and degree of saturation during the permeability measurement have also been reported. The improve-
ments in permeability are beneficial for improving the drainage properties of the subgrade soil.

Experimental studies carried out by Roy, T.K. & 
Chattopadhyay, B.C. (2008) with pond ash and fly 
ash indicated significant improvements in index 
properties and CBR of alluvial soils. Musa 
Alhassan & Alhaji Mohamad Mustafa (2007) 
studied effect of soil stabilization performance with 
Laterite soils (A-7-decrease 6). The study reported 
decrease in MDD and increase in optimum mois-
ture content of lateritic soil. Investigations on 
CBR and UCS of these soils have shown consider-
able increase in CBR and UCS property of soil. 
Gidde & Jivani (2007) have shown the potential of 
utilization of RHA for various geotechnical pur-
poses. Yulianto & Mochtar (2010) have used RHA 
and lime for peat soil stabilization. The stabiliza-
tion with RHA and lime has good improvement in 
physical and engineering behaviour of peat soil.

Present study mainly aims at modifying the per-
meability of CL and CL-ML soil subgrade (USCS) 
using class-F fly ash and uncontrolled burnt RHA. 
Experimental investigations have been performed to 
assess the permeability behaviour of stabilized soil. 
Correlations with respect to voids ratio and degree 
of saturation during the permeability measurement 
have also been reported. Permeability of stabilized 
soil has been determined by variable head method 
in the laboratory with standard compaction. The 
study was carried out in the Highway Research lab-
oratory at National Institute of Technical Teachers 
Training and Research, Chandigarh, India.

1 INTRODUCTION

Various types of stabilizers are used for improving 
the subgrade soil properties. Present study mainly 
focuses on modification of permeability character-
istics of soil subgrade. Effect of class-F fly ash and 
uncontrolled burnt Rice Husk Ash (RHA) on per-
meability of CL and CL-ML (USCS) soil stabiliz-
ers is discussed in the ensuing paragraphs.

Selvig & Gibson (1956) carried out experimen-
tations with more than 600 fly ash samples in 
United States. They found that coal ash was com-
posed of  Silica (SiO2), ferric oxides (Fe2O3), alu-
mina (Al2O3) and small quantities of  calcium oxide 
(CaO), potassium oxide (K2O) and sodium oxide 
(Na2O). Diamond (1985) examined the chemical 
and mineralogical compositions of  class-F fly ash 
obtained from bituminous coal and concluded 
that this type of  fly ash has very consistent con-
tents of  (SiO2 + Fe2O3 + Al2O3) (typically more 
than 90%).

Pandian (2004) and Santos Fabio et al. (2011) 
studied permeability and various other geotechni-
cal properties of fly ash. The study reported that 
fly ash has good potential for use in subbase and 
embankment works. Muhardi et al. (2010) car-
ried out permeability studies with class-F fly ash 
and reported that permeability of soil stabilized 
with fly ash depends on grain size and pozolonic 
activity of fly ash.
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2 MATERIAL PROPERTIES

Subgrade soils samples collected from road con-
struction sites near Chandigarh, India were cat-
egorized for the geotechnical properties. Fly ash 
(class-F) was collected from the Guru Gobind Singh 
Thermal Power Plant (GGSTPP) Ropar, Punjab. 
Uncontrolled burnt RHA was brought from 
Punjab Chemicals and Crop Protection Limited 
(PCCPL) Industries, Derabassi, near Chandigarh. 
Geotechnical properties of subgrade soils, fly ash 
and RHA have been listed in Table 1. Chemical 
composition of GGS Thermal Power Plant fly ash 
from Ropar, Punjab and uncontrolled burnt RHA 
from Derabassi near Chandigarh India are high-
lighted in Table 2.

3 EXPERIMENTAL PROGRAMME

All experimental investigations have been carried 
out as per the relevant Indian standards. Com-
paction characteristics are obtained for standard 
proctor compaction. Variable head method was 
adopted for determination of permeability of sta-
bilized soil. Fly ash was used in 10%, 20%, 30% 
and 40% proportions by dry weight of soil. RHA 
was mixed in proportions of 8%, 12%, 16% and 
20% by dry weight of soil. Investigations are per-
formed for fly ash and RHA independently and in 
combinations to determine the effect of blend on 
stabilization of subgrade soil. Permeability meas-
urements were noted for average temperature dur-
ing the measurement. Voids ratio and degree of 
saturation are noted for fully saturated soil sample 
during the permeability measurement.

4 RESULTS AND DISCUSSION

4.1 Compaction characteristics of fly ash RHA 
stabilized soils

Compaction characteristics of the soils under inves-
tigations have been established for performing the 
permeability tests using fly ash and RHA blends. It 
was observed that OMC of the soil increases with 
increase in fly ash and RHA content. Higher OMC 
of such stabilized soils was due to higher water 
retention of fly ash and RHA. The maximum dry 
density was reported to decrease with increase in 
percentages of both fly ash and RHA. The obvi-
ous reason for reduction in dry density could be the 
stabilization with light weight fly ash and RHA. 
Figure 1 and 2 shows respectively the effect of fly 
ash and RHA on optimum moisture content of CL 
and CL-ML soils. Figure 3 and 4 shows the varia-
tion in maximum dry density respectively for fly ash 
and RHA stabilization with CL and CL-ML soils.

4.2 Voids ratio and degree of saturation

Voids ratio and Degree of saturation of the soil 
has a direct effect on permeability of soil. Perme-
ability of soil increases with increase in voids ratio 
and degree of saturation. Void ratio of CL and 
CL-ML soil increased with increase in percentage 
of fly ash and RHA. Figure 5 and 6 shows the vari-
ation in voids ratio of CL and CL-ML soil respec-
tively with fly ash and RHA stabilization. Voids 
ratio and degree of saturation of the soil have been 
worked out when the soil is completely saturated 
during the permeability measurement. As both fly 
ash (CaO = 1.04) and RHA (CaO = 1.90) used for 
stabilization are non-cementitious, voids ratio of 
the stabilized soil shows perceptible increase.

Table 1. Geotechnical properties of soils, fly ash 
and RHA.

Property CL soil
CL-ML 
soil Fly ash RHA

Liquid 
Limit %

26.38 23.17 42.18 163.31

Plastic 
Limit %

15.61 17.51 NP NP

Plasticity 
Index

10.77 5.66 NP NP

OMC 
(Standard 
Proctor)

13.1 11.02 17 67.45

MDD 
(Standard 
Proctor)

1.91 1.98 1.31 0.69

Permeability 
(cm/sec)

4.34 × 10−8 9.90 × 10−8 2.9 × 10−5 3.69 × 10−4

Unsoaked 
CBR %

11.28 11.44 26.28 7.29

Soaked 
CBR %

2.17 7.65 1.53 4.1

Table 2. Chemical composition of GGSTPP fly ash and 
uncontrolled burnt RHA.

Constituents GGSTPP fly ash
(Percent content)

RHA
(Percent content)

SiO2 60.53 86.01
Fe2O3  4.18 0.01
Al2O3 27.27 1.40
CaO  1.04 1.90
MgO  0.40 –
Loss on ignition  2.11 5.66
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Figure 1. Effect of fly ash on OMC of CL and CL-ML 
soils.

Figure 2. Effect of RHA on OMC of CL and CL-ML 
soils.

Figure 3. Effect of fly ash on MDD of CL and CL-ML 
soils.

Figure 4. Effect of RHA on MDD of CL and CL-ML 
soils.

Figure 5. Effect of fly ash and RHA on voids ratio of 
CL soils.

Figure 6. Effect of fly ash and RHA on voids ratio of 
CL-ML.
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pared at OMC and MDD values established for 
this study. Permeability measurements were car-
ried out with varying head method. Permeability 
values were corrected for temperature correc-
tion. It was observed that permeability of  CL 
and CL-ML soil increased with increase in fly 
ash and RHA content. Due to increased voids 
ratio and increased degree of  saturation the per-
meability of  the soil increased with fly ash and 
RHA stabilization. Permeability variation with 
respect to RHA for different fly ash contents is 
shown in Figure 9 and 10 for CL and CL-ML 
soil respectively. For both the soils under inves-
tigations permeability variation reported a good 
correlation for different RHA as well as fly ash 
contents.

Figure 7. Effect of fly ash and RHA on degree of satu-
ration of CL soil.

Figure 8. Effect of fly ash and RHA on degree of satu-
ration of CL-ML soil.

Figure 9. Effect of fly ash and RHA on permeability 
of CL soil.

Figure 10. Effect of fly ash and RHA on permeability 
of CL-ML soil.

Degree of saturation of the soil has been 
observed to be increased for higher content of 
fly ash and RHA. The effect of fly ash and RHA 
blending on CL and CL-ML soil is shown in 
Figure 7 and 8 respectively.

4.3 Permeability behaviour of fly ash, 
RHA stabilized soil

Permeability modification of  soil subgrade is 
important for easy drainage of  roadway. Perme-
ability of  CL and CL-ML soil has shown marked 
improvement with stabilization using class-F fly 
ash and uncontrolled burnt RHA. Permeability 
of  stabilised soil was measured after complete 
saturation of  the soil sample. Samples were pre-
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5 CONCLUSIONS

Following are the inferences drawn from the 
study.

• Class-F Fly ash and uncontrolled burnt Rice 
Husk Ash (RHA) can be used for improving 
the various index and geotechnical properties of 
subgrade soils.

• Optimum moisture content of  the soil increases 
with increase in class-F fly ash and uncon-
trolled burnt RHA content for CL and CL-ML 
soils.

• Maximum Dry density of CL and CL-ML soil 
reduces with increased amount of class-F fly ash 
and uncontrolled burnt RHA.

• Voids ratio of the CL and CL-ML soil increases 
with increased content of class-F fly ash.

• Voids ratio of CL and CL-ML soil increases 
with increased percentage of uncontrolled 
burnt RHA.

• Degree of saturation of both CL and CL-ML 
soil increases at higher percentage of fly ash as 
well as RHA.

• Permeability of CL and CL-ML soil increased 
considerably with fly ash and RHA stabilization.

• Permeability of CL soil increased from 
4.34 × 10−8 to 1.20 × 10−5 cm/sec at 30% fly ash 
and 12% RHA content.

• Permeability of CL-ML soil increased from 
9.9 × 10−8 to 1.18 × 10−4 cm/sec with 40% fly ash 
and 12% RHA content.
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Capillary rise in pores with rough walls

L.E. Vallejo
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ABSTRACT: When a smooth circular tube of small diameter, d, is immersed in water, the water rises in 
the tube to a height of capillary rise, h, which can be calculated from: h = (4Ts cos θ)/(γw d). In this equa-
tion, Ts is the surface tension of the water, θ is the contact angle, and γw is the unit weight of the water. 
However, pores in soils and rocks are not circular nor smooth but rough. This study presents a method to 
calculate the height of capillary rise in tubes with rough walls. To obtain this height, capillary rise experi-
ments using a wedge were employed. The wedge was formed by two flat surfaces meeting at a corner. The 
capillary rise depended upon the angle of the wedge and the distance from the corner of the wedge. These 
findings were used to interpret the way water flows in the pores of shales.

circular profile of the tube shown in Fig. 1. An 
example of how the boundaries of the pores in a 
sample of shale from Tennessee looks like is shown 
in Fig. 2. This figure shows that the profiles of the 
pores in the shale are made of jagged irregularities 
of different dimensions and aperture angles. Lit-
tle is known about how these irregularities of the 
pore profiles influence the movement of water as 
a result of capillarity forces and how these forces 
influence the slaking of shales.

2.1 The influence of pore roughness 
on capillary rise

According to Ransohoff and Radke (1988) when 
a capillary tube with either square or triangular 
cross section as shown in Fig. 3 is immersed in 
water, the water advance in the capillary tube up to 
a distance h, after which the water advances to very 

1 INRODUCTION

When a smooth circular tube of small diameter, d, 
is immersed in a container with water, the water 
rises in the tube to a height called the height of 
capillary rise, h (Fig. 1). The height of capillary 
rise, h, is easily calculated and is equal to: h = 4Ts 
cos θ/γwd. In this equation, Ts is the surface tension 
of the water, θ is the contact angle, and γw is the 
unit weight of the water. However, pores in soils 
and rocks are not circular nor smooth but rough. 
The present study presents a method to calculate 
the height of capillary rise in tubes with rough 
walls. The implications of the results of this study 
are extended to analyze the slaking of shales.

2 CAPILLARY RISE IN ROUGH TUBES

The pore system in soils and rocks have bounda-
ries that are rough and do not resemble the smooth 

Figure 1. Capillary rise in a smooth circular tube of 
diameter d.

Figure 2. Pore profiles in a shale sample from Tennessee 
(TN-17, average pore diameter = 0.056 mm).
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large distances following the corners of the tube. 
The distance h can be obtained from: h = 4Ts/γwd, 
where d is the radius of the inscribed circle in the 
square or triangular areas (Fig. 3).

In order to explain why the water reaches very 
large distances in the corners of the tube, a labora-
tory investigation developed by Greenslade (1992) 
is presented next. Greenslade (1992) conducted a 
laboratory experiment that consisted in immers-
ing in water a wedge made of two glass plates as 
shown in Fig. 4. The angle of the wedge formed by 
the two glass plates was varied in the experiments. 
According to Greensdale, the water meniscus in 
the wedge formed a curve (Fig. 4). The height of 
the curve reached a maximum value at the corner 
of the wedge and decreased in height as the menis-
cus moved away from the corner of the wedge. The 
height of the capillary rise between the glass plates 
depended of the angle between the plates.

In order to explain the shape of the capillary rise 
in the wedge shown in Fig. 5 the following analysis 
is presented. Fig. 5 shows a wedge with an open-
ing angle equal to α. Let’s assume the area ABO is 
filled with capillary water. The height of the cap-
illary water in the wedge in each of the inscribed 
circular tubes of varying diameter d in Fig. 5 can 
be obtained from the following relationship,

h = (4Ts cos θ)/γw d (1)

The arch s in Fig. 5 is approximately equal to the 
diameter of the circles tangent to the sides of the 
wedge, and can be obtained from,

s ≈ d = α x (2)

After replacing the value of the variable d 
(diameter of circles) given by Eq. (2) into Eq. (1), 
we obtain,

h = (4Ts cos θ)/(γw α x) (3)

If  one analyzes Eq. 3, it is determined that the 
value of h in the cylindrical tubes between the two 
glass plates shown in Fig. 4 depends of α  and x 
(Fig. 5). The value of h in the cylinder located in 
the corner of the wedge reaches extremely high val-
ues because either α or x have very small values. In 
fact, as the value of α  or x tends to a zero value, 
the value of h tends to an infinite value as shown 
in Fig. 3(a).

3 IMPLICATIONS OF THE PREVIOUS 
RESULTS ON THE SLAKING 
OF SHALES

3.1 Slaking of shales by pore air compression

There are different mechanisms discussed in the 
geotechnical literature which explain the slaking 

Figure 3. (a) Capillary rise in a tube with either a 
square or triangular cross sectional area, (b) Water loca-
tion in the square or triangular tube on a section a-a in 
Fig. 3(a).

Figure 4. Capillary rise in a wedge formed by two glass 
plates (after Greenslade, 1992).

Figure 5. A wedge with inscribed circles of decreasing 
diameters and filled with capillary water.
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of shales when immersed in water (Surendra et al., 
1991; Vallejo, 2011). One slaking phenomenon is 
attributed to the compression of entrapped air in 
the pores of the shales when water enters them as 
a result of capillary suction (Terzaghi and Peck, 
1968). This entrapped air in the pores exerts ten-
sion on the solid skeleton, causing the material to 
fail in tension. According to Moriwakii (1974), 
pore-air compression is the predominant slaking 
mechanism in shales composed primarily made of 
kaolinite.

The mechanism for pore-air compression that 
breaks the shales was first presented by Vallejo 
(2011) and is shown in Fig. 6. Fig. 6 shows a shale 
sample with a system of cylindrical macro-pores 
that run continuously through it [Fig 6(A)]. These 
macro-pores which are assumed to be not con-
nected, resemble small cylindrical tubes inside the 
shale.

When the sample is immersed in water, water 
will be pulled into the individual macro-pores as a 
result of capillary forces, and the air that originally 
filled the macro-pores will be subjected to com-
pression [Fig 6(B)]. The system of forces acting 
at the interface between the air and the water in a 
macro-pore are presented in Fig. 6(C). At equilib-
rium conditions the following relationship applies:

πdTs – p(πd2)/4 + u(πd2)/4 = 0 (4)

where d is the diameter of the cylindrical macro-
pore, Ts is the surface tension of water acting on 
the meniscus, p is the air pressure, and u is the pore 
water pressure at the level of the macropore.

From, Eq. (4), the following relationship can be 
obtained:

p = u + (4Ts)/d (5)

An analysis of Eq. (5) indicates that the pore air 
pressure, p, in the portion of the macro-pore filled 
with air [Fig. 6(B)] increases as the diameter, d, of 
the cylindrical macro-pore decreases. Thus, the 
smaller the diameter of the macro-pore, the larger 
is the pore air pressure, p. Since pore-air compres-
sion is favored by small pore radii, slaking of the 
shales by air compression will be more pronounced 
in those shales containing macro-pores with small 
diameters. In addition, small diameter macro-pores 
more readily confine the air pressure developed 
during the suction process. That is, the diffusion 
of the air pressure will decrease with a decrease in 
surface area (which is a function of the diameter 
of the macro-pore) of the pore that is in contact 
with the air. Thus, the diameter of the macro-pores 
in shales has a marked influence on their slaking 
with water.

3.2 Diameter of pores and the slaking of shales

To check the validity of Eq. (2), sixty eight shale 
samples (containing large portions of kaolinite) 
from Appalachia were tested for their durability 
when immersed in water. Dry pieces of the shales 
were immersed for 24 hours in a cylindrical con-
tainer with water (soak test). At the end of the 
24 hour period, the shales were examined with 
respect to their durability. Fourteen samples had 
degraded into soil, and fifty four of the samples 
remained unchanged (Figs. 7 and 8). In order to 
determine the size of the pores of the samples that 
degraded into soils and the size of the pores in the 
samples that experienced no change, thin section 
analysis of the shale samples was carried out.

Photographs of the thin sections were made 
using a polarizing microscope. From the pho-
tographs, the cross sectional areas and shapes 
of the perimeters of the pores in the shales were 
obtained. Using standard digitizing procedures, 
the profiles of the pores were obtained from the 
photographs of the thin sections. Fig. 9 shows the 
typical results of the process for the case of shales 
TN-5 and TN-9 (Figures 7 and 8).

The average diameter of the pores of the 
TN-5 sample was equal to 0.053 mm. The average 
diameter of the pores of TN-9 sample was equal to 
0.107 mm. Thus, according to Eq. (2), the size of 
the pores has an influence on the slaking of shales. 
Shales with smaller pores slake as a result of the 
pore air compression mechanism (Figs. 7 and 9).

Of the sixty eight shale samples tested, fourteen 
samples slaked into soils and had average diameters 

Figure 6. Forces acting in a macro-pore in a shale 
sample.
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that were equal or smaller that 0.06 mm. Fifty four 
samples did not slake. Of these fifty four samples, 
forty six samples had pores with diameters greater 
than 0.06 mm, however, eight shale samples had 
pores with diameters that were smaller than 
0.06 mm and did not slake. An example of this 
type of shale samples is TN-17 given in Fig. 2 
that had an average diameter equal to 0.056 mm. 
What cause the eight shale samples with an average 
diameter smaller than 0.06 mm not to slake? The 
answer seems to be related to the degree of rough-
ness of their pore profiles. The degree of roughness 
of the eight profiles that did not slake was meas-
ured using the fractal dimension concept from 
fractal theory.

3.3 Measurement of pore roughness in the shales

The roughness of the pore boundaries was evalu-
ated using fractal theory. Fractal theory makes 
use of a number called the fractal dimension, D, 
to evaluate the degree of irregularity of objects in 
nature (Mandelbrot, 1977). In this study the frac-
tal dimension was used to measure to measure the 
degree of roughness of the pore boundaries of 
the eight shale samples with pore diameters less 
than 0.06 mm that did not slake as well as the pore 
boundaries of samples TN-5 and TN-9 (Fig. 9). 
The fractal dimension of the pore boundaries 
were calculated using the area-perimeter method 
(Korvin, 1992; Hyslip and Vallejo, 1997). The frac-
tal dimension, D, is obtained from the slope, m, of 
the best fit line that connects the values of the area 
and perimeter for each of the pores in a shale sam-
ple (Fig. 9). Fig. 10 shows this plot for the samples 
TN-5 and TN-9.

Once the slope, m, is obtained, the dimension 
is calculated from the ratio between 2 and m (that 
is D = 2/m). The fractal dimension, D, measures 
the average roughness of the pore boundaries in 
the shale samples. The higher the value of D, the 
rougher are the pore boundaries in the shales. 

Figure 7. Shale sample TN-5 after the soak test. The 
sample degraded into soil.

Figure 8. Shale sample TN-9 after the soak test. The 
sample remained unchanged.

Figure 9. Pore geometry of samples TN-5 (aver-
age diameter = 0.053 mm) and TN-9 (average 
diameter = 0.107 mm).
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The fractal dimension, D, for the pore boundaries 
of sample TN-5 was equal to 1.1989. D for sample 
TN-9 was equal to 1.4587 (Figures 9 and 10).

Even though the size of the pores in shales is a 
good indicator for the slaking susceptibility, it was 
not a parameter that indicated without a doubt 
the slaking behavior of shales. Table 1 shows the 
results of the jar slake tests and the fractal analysis 
on the 8 samples that did not slake even though the 
average size of their pores was less than 0.06 mm. 
The fractal analysis for these shales indicated that 
their pore walls were very rough (Fig. 2). These 

high degree of roughness of the pore walls is 
reflected on the high values of the fractal dimen-
sion for the pore perimeters. An explanation for the 
lack of slaking of the shales of Table 1 that have 
small (pore diameters < 0.06 mm) but rough pores 
(D > 1.4) seems to rest on the degree of roughness 
of the pore boundaries (Fig. 2).

3.4 Influence of the degree of roughness 
of the pore profiles on the slaking of shales

According to Ransohoff and Radke (1988) when 
a capillary tube with either square or triangular 
cross section as shown in Fig. 3 is immersed in 

Figure 10. Area-perimeter method to obtain fractal 
dimension values for samples TN-5 and TN-9.

Table 1. Properties of the eight shale samples that did 
not slake.

Sample
Pore diameter, 
mm

Fractal dimension,
D

TN-7 0.056 1.7767
TN-16 0.045 1.4246
TN-17 0.056 1.4762
KY-19 0.052 1.4907
KY-22 0.051 1.4900
KY-32 0.055 1.6020
WV-8 0.052 1.5473
WV-14 0.051 1.4406

Figure 11. Advancement of water in a rough macro-
pore. No pore air compression develops.

CAICEDO.indb   275CAICEDO.indb   275 12/27/2012   4:59:30 PM12/27/2012   4:59:30 PM



276

water, the water does not completely advance in 
the capillary tube following the whole cross sec-
tional area, but advances to large distances in the 
tube following the corners and crannies of the 
tube. This partial filling of the tube cross sectional 
area will prevent the development of air pressure 
that is necessary to cause the slaking of the shales 
[Fig. 6(B)]. Fig. 11 shows how water will advance 
in a rough pore such as that shown in Fig. 2. The 
water at the extreme portions of the macro-pore 
will cover its whole cross sectional area, however, 
after a short distance from the ends of the macro-
pore, the water will follow the corners and crannies 
of the pore walls (Figs. 2 and 11). This movement 
of the water through the corners and crannies of 
the pore walls will prevent the development of the 
air pressure that is required to cause the breakage 
of the shale [Fig. 6(B), Eq. (2)]. Thus, the rough-
ness of the boundaries of the pores (measured by 
the fractal dimension) has a significant influence 
on the slaking of the shales and needs to be consid-
ered in any evaluation of the durability of shales 
in water.

4 CONCLUSIONS

The capillary rise of water in tubes with small 
diameter but having rough profiles have been ana-
lyzed. The implication of the way water rises in 
rough tubes on the slaking of shales has also been 
investigated. From this study the following conclu-
sions can be made:

1. The degree of roughness of the boundaries in 
capillary tubes influences the way capillary 
water advance in the tubes. The standard capil-
lary rise uses the diameter of the inscribed circle 
in the rough cross sectional area. After which, 
the water moves large distances through the 
irregular sections of the tube.

2. The slaking of the shales studied was the result 
of pore air compression.

3. The slaking by pore air compression was directly 
related to the average pore diameter and the 
roughness of the pore boundaries. The smaller 

the diameter and the smoother the boundaries 
of the pores, the more pronounced was the slak-
ing of the shales by air compression.

4. The roughness of the pore boundaries in the 
shales was determined using the fractal dimen-
sion concept from fractal theory. The larger the 
fractal dimension, the rougher were the bound-
aries of the pores.

5. Regardless of the diameter of the pores, shales 
with very rough pores did not slaked as a result 
of pore air compression. These rough pores 
moved the capillary water through their cor-
ners and crannies. Thus, the water did not move 
through the whole cross sectional area of the 
rough pores. This type of water movement pre-
vented the development of pore air compression 
that is needed for the breaking of the shales.
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ABSTRACT: Volume change behavior of expansive soil is typically studied in the laboratory environment 
under one-dimensional conditions. In the field, expansive soils may undergo different swelling behavior 
due to different stress conditions. Attention, therefore, should be focused on the real behavior of expan-
sive soil in a multi-dimensional stress conditions. The objective of this study is to investigate the swelling 
behavior of expansive soils under triaxial loading conditions. The testing program investigated the effect 
of stress ratio (K) on expansive soil behavior. Monitored parameters included axial swell strain and total 
volume changes. The ratio of axial swell strain to volumetric swell strain (Swell Ratio, SR) was assessed 
and the influence of test conditions on this ratio was highlighted. Finally, test results were compared with 
that obtained from one-dimensional swelling tests. This information is useful in the estimation of more 
realistic volume changes in expansive soils given that stress conditions are known.

Chen & Ng 2005) in attempt to replicate field 
conditions. Dakshanamurty (1979) showed that 
the volumetric strain depends on the mean stress. 
Tisot & Aboushook (1983) mentioned that the pre-
diction of heave may be improved by applying ani-
sotropic stress during triaxial testing. However, the 
test duration makes the triaxial testing useless.

Some researchers proposed corrections to oed-
ometer heave to account for different stress con-
ditions. Dhowian et al. (1990), Erol (1987) and 
Al-Shamrani & Dhowian (2003) reported that this 
correction, based on field tests, was in the order of 
one-third.

Al-Shamrani (2004) reported that the ratio of 
triaxial ultimate vertical swell—under isotropic 
conditions—to that obtained from oedometer 
varied between one-third and two-third. This ratio 
increased with applied load and decreased with 
increase in initial moisture content and dry unit 
weight. Furthermore, Al-Shamrani (2004) noted 
that the swell ratio, SR, defined as the ratio of ver-
tical swell to the volumetric swell, increased with 
the application of confining pressure with an aver-
age value of 0.57.

This research aims at examining the volume 
change behavior of expansive soil under different 
stress states using triaxial testing. A comparative 
study between the volume change behavior pre-
dicted from triaxial and one-dimensional loading 
conditions was performed. The swell ratio, SR, was 
assessed and the influence of test conditions on 
this ratio was demonstrated. Moreover, the heave 
reduction factor, Rf, was obtained and related to 
the applied stress conditions.

1 INTRODUCTION

Extensive areas throughout the world, mainly in 
arid and semi-arid regions, experience foundation 
problems caused by expansive clays. Geotechni-
cal investigation has shown that the causes of 
the problem are attributed to significant volume 
changes. The swelling characteristics of such soils 
are considered important design parameters for 
designing several structures such as pavements, 
shallow foundations, shallow tunnels, retaining 
walls, canal linings and underground conduits. 
Discrepancies were observed between swelling 
characteristics obtained from laboratory tests and 
that observed in the field. This was attributed to 
differences in stress conditions and degree of wet-
ting between field and laboratory (El Sayed & 
Rabbaa 1986, Dhowian 1990, Al-Shamrani & 
Al-Mhaidib 1995).

This motivated researchers to evaluate heave 
and swelling pressure of expansive soils under 
stress states conditions identical to that existing in 
the field. This will minimize the negative effects of 
unrealistic estimation for these parameters, either 
from the safety or economical point of views. 
Several researchers studied the multi-dimensional 
volume change using triaxial testing under iso-
tropic conditions (Dakshanamurty 1979, Tisot & 
Aboushook 1983, Al Shamrani & Al Mhaidib 
1995, 1999, and Al Shamrani & Dhowian 2003). 
Few researchers examined the volume change 
of expansive soils under anisotropic conditions 
(Dakshanamurty 1979, Tisot & Aboushook 1983, 
Jotisankasa 2005, Jotisankasa et al., 2007 and 
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2 TESTED MATERIAL

Soil used for this study were obtained from the 
city of Al-Qatif  located in the eastern province of 
Saudi Arabia (latitude 26° 56’ N and longitude 50° 
01’ E). Al-Qatif  expansive clay is considered highly 
expansive in nature. Soil samples were obtained 
from a test pit at a depth of about three meters 
below ground surface. Laboratory testing includ-
ing routine classification and physical property 
tests were conducted. The physical properties of 
Al-Qatif  clay used in the present study are pro-
vided in Table 1.

3 SAMPLE PREPARATION

In order to minimize variations in test results, 
remolded samples were used in the testing pro-
gram. Disturbed samples obtained from the field 
were air dried, pulverized and screened through 
sieve No. 40. Individual samples were thoroughly 
mixed with distilled water at optimum moisture 
content (32%) and stored in air-tight plastic bags 
for not less than 24 hours to allow for uniform 
distribution of  moisture content. Finally, sam-
ples were statically compacted to maximum dry 
density (12.0 kN/m3) and the corresponding 
moisture content. It should be mentioned that 
the sample dimensions for both oedometer and 
triaxial testing were 20.0 mm height and 50.0 mm 
diameter.

4 EXPERIMENTAL PROGRAM

The volume change behavior of  expansive soil 
was investigated for samples under various stress 
ratios and boundary conditions. Stress ratio 
applied on test samples were 0.5, 1.0, and 1.5. 
Boundary conditions considered include com-
plete lateral restrained condition (oedometer test) 
and controlled lateral restrained condition (triax-
ial test). A description of  testing performed is as 
follows.

4.1 Oedometer testing (at rest conditions)

Testing was performed to evaluate the swelling 
characteristics (axial swell strain and swelling pres-
sure) of expansive clay under complete lateral 
restraint (at rest conditions). Testing was per-
formed in accordance with ASTM D4546 test 
methods. Tests performed included the following:

− Method A (O_A): the swell potential was evalu-
ated under vertical stress of 1.0 kPa. After full 
swell was attained, vertical stress was incremen-
tally increased. The pressure that returns the 
sample back to its original state (i.e., void ratio 
or height) is defined as swell pressure.

− Method B (O_B): the swell potential under tar-
get vertical stresses (40 kPa) was estimated. In 
addition, the swelling pressure corresponding to 
the pressure that returns the sample back to its 
initial volume was obtained.

− Method C (O_C): this method was used to eval-
uate the swelling pressure corresponding to the 
pressure that prevents sample from swelling.

4.2 Triaxial testing (isotropic and anisotropic 
conditions)

A series of triaxial tests were performed to char-
acterize the swelling behavior of expansive soil 
under different boundary (partial lateral restraint) 
and stress conditions (isotropic and anisotropic). 
Testing was performed using GDS stress path tri-
axial device. Cell and back-pressures were applied 
using computer controlled pressure volume con-
trollers (PVC). Volume change measurements were 
performed using the double cell technique and 
PVC while axial deformation was measured using 
LVDT connected to the loading ram. Two varia-
tions of bottom pedestal were considered to inves-
tigate their effect on the swell duration as described 
in Section 5.

In these tests, as-compacted samples were ini-
tially subjected to a total axial stress (σ1) of 50 kPa 
with a confining pressure corresponding to stress 
ratios (K = σ3/σ1) of 0.5, 1.0 and 1.5. Samples were 
allowed to equilibrate under target stress conditions 
until no volume change was recorded. Secondly, 
samples were inundated from the drainage port 
in the top cap and by applying a backpressure of 
10 kPa. During sample inundation, two types of 
tests were performed as described below:

− Constant confining pressures tests (TR_CP): 
samples were permitted to swell in both axial 
and lateral directions under target stress ratio. 
Axial and volumetric swell were recorded until 
full swell was attained.

− Constant volume tests (TR_CV): For this test, 
both the axial loading ram and PVC ram were 

Table 1. Physical properties of Al–Qatif  soil.

Physical property Value

Specific gravity 2.71
Liquid limit (%) 140
Plastic limit (%) 60
Shrinkage limit (%) 20
Plasticity index (%) 80
% Finer than 200 μm 99
USCS classification CH
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restrained from movement. Axial and lateral 
swell pressures were evaluated as increase in 
deviator and radial stresses. A summary of con-
ditions for each test are presented in Table 2.

5 RESULTS AND ANALYSIS

The results of the experimental program were ana-
lyzed with respect to the swell behavior after inun-
dation and the swelling pressure. The difference in 
swell behavior of expansive clay under both one-
dimensional and multi-dimensional conditions 
was illustrated. Summary of the test results are 
presented in Table 2.

5.1 Swell potential

The axial swell strain estimated using oedometer 
test for different procedures (method A, B, and C) 
are shown in Figure 1. It should be noted that the 
axial swell strain from method C was estimated 
from the rebound slope, cr (ASTM D 4546). It is 
observed from Figure 1 that, for the same axial 
stress of 40 kPa, free swell test (O_A) provides the 
highest axial swell strain. This indicates that axial 
swell strain is stress path dependent. This behavior 
has been reported by several researchers (e.g., Erol 
et al., 1987, Dhowian et al., 1990).

The axial swell strain obtained under TR_CP 
test conditions are illustrated in Figure 2 and sum-
marized in Table 2. From these tests, it is apparent 

that as the stress ratio increased (i.e., radial stress 
increased) the axial swell strain increased. This is 
attributed to increase in the level of lateral restraint 
as a result of radial stress increase.

A comparison between axial swell stain obtained 
using oedometer and triaxial isotropic test con-
ditions (TR_CP_1) are provided in Figure 1. As 
shown in Figure 1, the axial swell strain predicted 
by triaxial testing is less than that obtained by 
oedometer (O_A and O_B) for the same vertical 

Figure 1. Different procedures to obtain the swelling 
potential and swelling pressure.

Figure 2. Effect of stress ratio on the axial swell strain 
obtained by triaxial testing.

Table 2. Summary of the experimental program.

Sample 
ID

Water 
content (%)

K
σ1 
(kPa)

Swell 
strain (%) Swelling 

pressure 
(kPa)Initial Final Axial Vol.

O_A 30.5 55.9 Ko 1 30.0 30.0 460
O_B 30.5 56.9 Ko 40 16.8 16.8 470
O_C 31.8 41.8 Ko 40 N.A. N.A. 300
TR_CP_1 32.0 54.6 1.0 50 9.7 14.6 335
TR_CP_2 32.1 66.0 1.0 50 9.1 13.6 –
TR_CP_3 31.3 68.7 1.0 50 8.8 14.8 –
TR_CP_4 31.9 55.5 0.5 50 6.5 12.0 –
TR_CP_5 31.4 67.2 1.5 50 13.7 19.5 –
TR_CP_6 31.6 69.5 1.5 50 14.9 18.7 –
TR_CP_7 31.8 51.4 1.5 50 14.2 18.5 –
TR_CP_8 32.4 70.8 1.0 50 8.3 13.3 –
TR_CP_9 31.7 60.9 0.7 72 7.5 13.1 –
TR_CV 31.2 – 1.0 50 N.A. N.A. 240

Note: O refers to the oedometer testing and TR refers to 
the triaxial testing. The numbers in the abbreviation refer 
to the number of the test.
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stress. Similar observations were reported by 
(Al-Shamrani & Al-Mhaidib 1999). The same 
conclusion was arrived for triaxial test under other 
stress ratios considered in this study (see Table 2).

Moreover, the slopes of loading and unload-
ing curves deduced from oedometer tests shown 
in Figure 1 were the same. On the other hand, the 
loading and unloading characteristics for triaxial 
testing showed a more stiff  behavior.

A plot for the variation of axial swell strain and 
the stress ratio is illustrated in Figure 3. Based 
on test data, an exponential relationship was fit-
ted between stress ratio, K, and axial swell strain 
as presented in Figure 3. This relationship can be 
used to estimate field axial swell potential provided 
that in-situ stress ratio can be assessed. It can be 
seen also that a stress ratio value of 1.73 should be 
applied in triaxial testing in order to obtain an axial 
swell strain equal to that obtained in oedometer. In 
other word, the estimated stress ratio in oedometer 
testing under a vertical stress of 40 kPa, similar to 
the vertical stress applied in triaxial is about 1.73.

A similar relationship between applied stress 
ratio and measured volumetric swell strain exists 
as shown Figure 4. From this figure, it could be 
inferred that the equivalent triaxial stress ratio 
yielding volumetric strain equal to that obtained 
from the oedometer test is about 1.3.

Curves for axial swell strain versus time for oed-
ometer and TR_CP tests are depicted in Figure 5. 
For the sake of clarity, only one curve representa-
tive of each stress ratio was considered. As previ-
ously deduced, Figure 5 indicates that the axial 
swell strain increased with increase in stress ratio. 
Furthermore, it is apparent that the time to reach 

full swell deduced from oedometer test is faster 
than that for triaxial test. This is attributed to dif-
ferences in inundation procedures followed during 
oedometer and triaxial testing.

In oedometer tests, samples were soaked using 
free access of water while air in voids exited freely 
from the sample. The soaking conditions for tri-
axial tests were different. For TR_CP_1 through 
TR_CP_4, tests, a ceramic disc with air entry value 
of 500 kPa was mounted on the bottom pedestal. 
For TR_CP_5 through TR_CP_9, the bottom ped-
estal had a porous stone. For both cases, samples 

Figure 3. Relationship between the axial swell strain 
and stress ratio applied in triaxial testing.

Figure 4. Relationship between the volumetric swell 
strain and stress ratio applied in triaxial testing.

Figure 5. Time-swell strain for selected oedometer and 
triaxial test results.
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were inundated by admitting water through the top 
drainage port and by applying backpressure from 
top drainage port. For both soaking cases, there is 
limited opportunity for air encountered in voids to 
drain out.

From Figure 5, it is apparent obvious that sam-
ples TR_CP_1 and TR_CP_4 have a slow response 
time compared to other triaxial tests. This can be 
explained by the presence of the ceramic disc. It 
is also shown from Figure 5 that the swell strain 
rate is independent of the stress ratio applied but 
depends on the permeability of the bottom ped-
estal drainage discs. Furthermore, the secondary 
swell in case of using ceramic disc is higher than 
that in case of using conventional porous stones 
(oedometer and triaxial).

5.2 Swelling pressure

Table 2 summarizes the swelling pressures deduced 
from different oedometer and triaxial tests. For 
oedometer testing, the swelling pressure deduced 
from O_A and O_B test procedures were approxi-
mately the same (460 and 470; respectively). How-
ever, swelling pressure deduced using O_C test 
showed a much lower value of 300 kPa. This trend 
was observed by many researchers and attrib-
uted to the difference of definition of swelling 
pressure.

Comparison of constant volume tests performed 
using oedometer (O_C) and triaxial (TR_CV) 
revealed that the swelling pressure deduced from 
the TR_CV was less than that deduced from O_C. 
This is attributed to the difference in boundary 
conditions acting on test samples. This highlights 
the importance of considering boundary condi-
tions for the proper estimation of swell pressure.

Tests were performed to evaluate the effect of 
triaxial stress path on the magnitude of swelling 
pressure. Swelling pressure obtained from plots of 
volumetric strain versus mean stress ((σ1 + 2σ3)/3) 
for TR_CP_1 and TR_CV are illustrated in 
Figure 6. Swelling pressure from TR_CP_1 test 
is defined as the mean stress that returned the 
sample back to its initial volume. From Figure 6, 
it is observed that swell pressure deduced from 
TR_CP_1 is nearly equal to that deduced from 
triaxial constant volume test (TR_CV) with values 
of 208 and 215 kPa; respectively.

5.3 Heave reduction factor and swell ratio

From triaxial test results, the heave reduction fac-
tor, Rf, was plotted versus stress ratio as shown in 
Figure 7. Rf is defined as ratio of the axial swell 
strain obtained from triaxial to that obtained 
from oedometer. Similar trend for the relationship 
between heave reduction factor and stress ratio 

was observed by McKeen (1992); however, with a 
linear relationship.

The swell ratio (SR) as defined by Al-Shamrani 
(2004) was calculated and plotted with respect to 
the stress ratio as shown in Figure 8. From Fig-
ure 8, the swell ratio exponentially increased with 
increase in stress ratio. Knowing the field stress 
ratio, axial swell strain and by performing a con-
ventional oedometer test we can estimate the actual 
axial swell strain besides the volumetric swell strain 
by the aid of Figures 7–8.

Figure 6. Obtaining the volumetric swelling mean 
stress.

Figure 7. Heave reduction factor, Rf versus stress 
ratio, K.
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6 CONCLUSIONS

In order to explain the field swell behavior which 
differs from that predicted by using one-dimensional 
oedometer testing, an experimental study was per-
formed and investigated the swell behavior under 
multi-dimensional loading conditions and differ-
ent stress and boundary conditions. By compar-
ing the oedometer methods for predicting the swell 
potential, it is noted that there is a discrepancy 
between the results which gives the importance of 
reviewing the field conditions before selecting the 
appropriated method for prediction the swell vol-
ume change.

The study has emphasized the effect of the stress 
ratio on the swelling behavior in seek of interpret 
the inconsistency between the field and laboratory 
results obtained by several researchers. Based on 
tests results compiled from this study, it is observed 
that each of the axial and volumetric swell strain, 
heave reduction factor and the swell ratio exponen-
tially related to the stress ratio, K. Moreover, the 
study suggested a procedure for obtaining the swell 
potential in the field by conducting an oedometer 
test and knowing the field stress ratio, K.
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ABSTRACT: Parameters such as soil fabric, mineral composition, plasticity and grain size distribution 
together with soil-volume behavior are essential for the evaluation of shrinkage and cracking processes 
in soils. This paper presents the results of a laboratory testing program conducted on surface Bogotá 
clay to evaluate basic geotechnical properties and compressibility soil parameters due to suction changes. 
Water retention curves and suction controlled oedometer tests, were used to evaluate the effects of suc-
tion changes. Calibration of suction imposed with Polyethylene Glycol of 35000 g/mol (PEG 35000) is 
presented here because it was only available for PEG 20000 and of lower molecular mass. Results show 
that the air entry value of the Bogotá clay is high, that there is an important hysteretic behavior of the clay 
during drying and wetting cycles and that suction cycles produce a significant increase in the preconsoli-
dation stress and in the stiffness parameters of the soil.

2 GEOLOGICAL AND GEOTECHNICAL 
CONTEXT OF BOGOTÁ CLAY

Bogota city is located at 2600 m over sea level and 
has two main geomorphologic zones. One corre-
sponds to a plain area where most of the city is 
placed, locally named Bogotá Sabana and the 
other is the mountain zone that borders the city in 
the Eastern and Southwestern sectors.

According to Van Der Hammen et al., 1973, Van 
der Hammen and Hooghimstra, 1995 and Caro 
et al., 1996, the plain zone soil has been formed 
by a sedimentary process from an ancient lake of 
tectonic-sedimentary origin that received lacus-
trine, fluvial and fluviar-glacier materials from 
Pliocene period until its desiccation about 30,000 
years ago.

The upper stratum of the plain zone is called 
Sabana Formation, composed by dark-gray and 
green colored clays of medium to high plasticity, 
with Liquid limits that may vary between 30 and 
more than 200% in the upper 60 m (Ingeominas 
and Univeridad de Los Andes, 1997) with inter 
stratifications of sand and organic soils. Sabana 
Formation is very thick because it has 780 m 
depth in the Western part of the deposit and this 

1 INTRODUCTION

This paper presents the procedures and results of 
a laboratory program conducted for the evalua-
tion of the compressibility parameters of Bogotá 
clay. The tests were performed on undisturbed 
samples of medium plasticity clay taken from the 
Soft Soil Zone of Bogotá city, according to the city 
Microzoninig (Ingeominas and Universidad de 
Los Andes, 1997). Water retention curves and two 
techniques of suction controlled oedometer tests 
were applied for the soil characterization. A par-
ticular calibration of the osmotic pressure imposed 
by PEG 35000 was also developed which is useful 
for testing high plasticity soils because it generates 
higher suction values than the traditionally used 
PEG 20000.

The study of soil volumetric changes due to 
suction variations is of interest for evaluation of 
shrinkage and cracking of surface soils that in 
many cases are the main cause of structural dam-
ages in roads, houses or small building. Also the 
soil volumetric changes may be related to the peri-
odical surface level variations in vast areas of the 
city, caused by weather oscillations (Blanco et al., 
2010, Ávila and Castro, 2011).
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depth gradually reduces as it approaches to the 
mountain area. The depth of the deposit in the site 
of sampling is 180 m (located in INGEOMINAS 
offices).

2.1 Basic geotechnical properties

Undisturbed samples recovered at depths between 
2 and 4 m. were used for this investigation. This 
soil corresponds to a brown to grey clay with some 
red shades, of medium consistency and plasticity. 
According to USCS is a CH material very close to 
Casagrande A line. Table 1 shows the basic geo-
technical parameters of the clay.

Gaviria et al. (2004) present five thematic 
profiles of  the Sabana Formation up to 160 m 
depth from a borehole drilled very near the site 
of  sampling of  the present study. These profiles 
were originally made to investigate stratigraphy 
and paleo-climate history but they also permit 
to complement the geological and mineralogical 
description of  the soils. It was found in that study 
the prevalence of  clayey materials in the upper 
50 m, with some interlayer of  organic matter. 
From 50 m to 160 m, clay soils continue but there 
appear many layers of  silts, sands and organic 
matter. The clayey minerals are more abundant 
than other minerals as feldspars, quartz and car-
bonates and the feldspar/quartz relation indicates 
the predominance of  quartz which is more resist-
ant to degradation than feldspar. Relative propor-
tions of  the clay materials (<2 microns) indicate 
that near 50% correspond to Kaolinite and in 
less proportion there appear smectite, illite and 
chlorite respectively.

Relative proportion of clayey minerals between 
2 and 4 m depth, deduced from Gaviria et al. (2004) 
are summarized in Table 2.

The predominance of Kaolinite (of low activ-
ity) and the relatively low presence of smectite (of 
high activity) produce a moderate activity of the 
Bogotá clay (A = 0.55) compared with other soils 
reported in literature (Skemptom (1953) in: Lambe 
and William, 1979) as London clay (A = 0.95) and 
Shellhaven (A = 1.33).

3 SUCTION CONTROLLED 
LABORATORY TESTING

3.1 Retention curves

Different techniques were used to determine the 
water retention curves of the studied clay, as tran-
sistor psycrhrometer, vapor equilibrium technique, 
pressure plate and filter paper, as shown in Figure 1 
from Ávila (2001).

Here it is important to note the high air entry 
value of Bogotá clay. Such a characteristic means 
that the clay may be in saturated condition under 
suction values up to 1 MPa.

3.2 Suction calibration of PEG 35000

A particular calibration of the suction imposed by 
PEG 35000 was conducted because calibrations of 
this kind were only available for PEG 20000 or of 
lower molecular mass. For the calibration an Impe-
rial College Suction Probe (Rydley and Burland, 
1993) was used in conjunction of a semi permeable 
membrane type Spectra/Por 5 MWC0 12-14000 
normally employed for medical dialysis. This mem-
brane has two sheets (it comes in tubular shape) 
but for the experiment it was cut and open to live 
only one sheet.

The membrane was placed in distilled water for 
a period of 2 hours until a soft consistency was 
reached. After that it was cut to fit the oedom-
eter diameter and then placed in the upper and 
lower sides of the soil sample. A thin clay layer 
was placed between the membrane and the suc-
tion probe in order to avoid early cavitation of the 
water in the system.

Table 1. Basic geotechnical parameters of Bogotá clay 
in INGEOMINAS sector between 2 and 4 m depth.

Parameter Symbol Unit Interval

Natural water content wn % 42–46
Liquid limit LL % 62–65
Plastic limit LP % 28–32
Plasticity index IP % 30–35
Specific gravity Gs – 2.6–2.7
Unit weight γt kN/m3 16.5–18.0
Void ratio e – 1.25–1.27
Degree of saturation Sr % 96–100
Clay fraction 

(<0.002 mm)
C % 61–63

Activity A – 0.52–0.57
Undrainded shear 

strength
Su kPa 55–65

Table 2. Mineral composition of Bogotá clay at 
INGEOMINAS site between 2 and 4 m depth (deduced 
from Gaviria et al., 2004).

Clay Feldspars Quartz Total

Global 
composition

75% 3% 22% 100%

Kaolinite Smectite Illite Clorite
Clay fraction 

composition
55% 17% 15% 13%
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Solution was prepared mixing PEG 35000 
(commercially available if  form of dry grains) with 
distilled water, using PEG concentrations from 5% 
to 40% with increments of 5% (weight of PEG 
respect to weight of water).

For PEG concentrations lower than 15% suction 
stabilization was reached in less than 40 min. For 
concentrations between 15% and 35% suction sta-
bilization lasted between 100 and 120 min and for 
the PEG concentration of 40% it was not possible 
to determine the imposed suction because the sys-
tem presented cavitation at a suction of 1350 kPa, 
before equilibrium was reached.

Calibration curve of the suction imposed by dif-
ferent PEG 35000 concentrations is presented in 
Figure 2, together with calibrations reported for 
different author, using PEG with lower molecular 
masses (Gens and Romero, 2000).

All these calibrations are in a narrow zone 
indicating that for the same concentrations, the 

molecular mass of the PEG salt does not generate 
significant changes in the imposed suctions.

3.3 Oedometer tests

Conventional and suction controlled One-dimen-
sional compression test permitted to evaluate the 
volume changes generated for load and suction 
variations. The conventional oedometer test was 
used as a reference behavior under saturated con-
ditions whereas two types of procedures were used 
to impose suction: vapor transfer technique and 
osmotic technique by means of Polietylene Glyclol 
35000 (PEG 35000).

A sketch of the vapor transfer technique set up 
is presented in Figure 3.

In the osmotic technique oedometer test, a PEG 
35000solution at different concentrations was used 
to impose suction at the sample base with the 
aid of a peristaltic pump. The set up is similar to 
that developed by Dineen (1997) based in previ-
ous works of Kasiff  and Ben Shalom (1971) and 
Delage et al. (1992) and it is sketched in Figure 4.

3.4 Results

In the tests with vapor control, for the compres-
sion test an initial small vertical stress of  48 kPa 
was applied to adjust the sample and the equip-
ment, after what two suction increments were 
applied in a drying path: the first one of  40 MPa 
by means of  a NaCl vapor solution and the 
second one of  144.3 MPa using sulfuric acid 
vapor solution. Volumetric deformation caused 

Figure 1. Water Retention Curves of a Bogotá Clay 
obtained with four different techniques: a) water 
content—suction, b) degree of saturation—suction. 
From Ávila (2001).

Figure 2. PEG 35000 calibration in conjunction with 
other calibrations presented by Gens and Romero 
(2000).
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by the suction were about 9% and maximum vol-
ume change was caused by the initial suction of 
49 MPa whereas the second suction increase only 
produced a small sample contraction. In the wet-
ting path suction was decreased again to 40 MPa 
and finally distilled water was used in the circuit 
to reduce suction to zero and a small volumetric 
increase was registered. The volumetric deforma-
tions produced by suction changes are presented 
in Figure 5.

In the tests using osmotic control, the suction 
increase produced vertical strains in the sample in 
a way similar to that caused by direct loading and 
it was observed that the greatest volume change 
was caused during the application of a 20% PEG 
concentration in the drying path.

The maximum PEG concentration used was 
30% after what a total volume change of about 
20% was experienced by the sample, indicating 
that possibly this method of application of suction 
is more efficient that the vapor transfer technique. 
Wetting path was imposed reducing PEG concen-
trations and this suction reduction produced a 
volume increase near to 5%, indicating a hysteretic 
behavior. The volumetric deformations as func-
tion of osmotic suction are shown in Figure 6. 

In that figure is also indicated the PEG concentra-
tion used to impose suction and the fluency suction 
(So) defined in the Barcelona Model (Alonso et al., 
1990) characterized by the slope change in the dry-
ing path, which represents the maximum past suc-
tion experienced by the soil.

Suction cycles were followed by conventional 
loading and unloading using dead weights to see 
their effect in the rigidity of the clay. The con-
ventional consolidation test showed an effective 

Figure 3. General set up of the consolidation test with 
vapor transfer technique.

Figure 4. General set up of the consolidation test with 
osmotic suction.

Figure 5. Volumetric deformation produced by suc-
tion application in oedometer test using vapor transfer 
technique.

Figure 6. Volumetric deformation produced by suction 
application in oedometric test using osmotic technique.
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preconsolidation stress of 180 kPa, indicating that 
the soil is over-consolidated (OCR = 3) and of mod-
erated compressibility characteristics (Cc = 0.35 
and Cr = 0.11). As predicted by Alonso et al. 
(1990), applied suction cycles to the samples, previ-
ous to direct loading caused a significant increase 
in preconsolidation stress as shown in Figure 7.

The important volume changes caused by suc-
tion variations have influence in the active zone of 
Bogotá soils, which extends to about 5 m depth. 
This may explain seasonal variations of  the land 
surface level measured in Bogotá City and prob-
ably it is contributing to the soil subsidence reg-
istered in some areas of  the soft soils of  Bogotá 
city (Ávila, 1998, Blanco et al. (2010), Ávila and 
Castro, 2011), and in the countryside where sig-
nificant surface soil deformations and big cracks 
are evident especially during very dry weather 
periods.

4 CONCLUSIONS

A systematic study of composition and compress-
ibility parameters of a surface Bogotá clay shows 
that it corresponds to a medium to high plastic-
ity soil (CH), with liquid limit between 62% and 
65%, plasticity index between 61% and 63% and 
moderate activity between 0.52 and 0.57. Clay 
fraction is composed predominantly by Kaolin 
followed by smectite and in lower proportions ille 
and chlorite.

Retention curves performed by different meth-
ods showed consistent results and they revealed an 
air entry value of the clay of about 1 MPa, which 

is high, meaning that the soil stays in saturated 
conditions for relatively high suction values.

Compressibility parameters of the Bogotá 
clay were evaluated using conventional and suc-
tion controlled consolidation tests. Suction was 
imposed by two techniques vapor transfer tech-
nique and osmotic technique, using a Polietylen 
Glyclol 35000 solution. For this solute a particular 
calibrations of the imposed suction was conducted 
and it was found that for similar PEG concentra-
tions, suctions imposed by PEG 35000 is of the 
same order that the suction imposed with PEG 
of lower molecular masses. Also, it was observed 
that the method is efficient for inducing significant 
moisture changes in the soil sample placed the con-
solidation chamber.

Suction cycles previous to loading produced 
important increments in the preconsolidation stress 
of the clay, changing the OCR for the imposed suc-
tions from 3 to 9.

Volumetric deformations showed a non-linear 
relation to suction, that is, the clay suffers sig-
nificant shrinkages for certain suction values and 
this contractions produce and increase in stiffness 
in the soil. For that reason, further suction incre-
ments only generate residual contractions. Suction 
reductions generate hysteretic rebounds in the dry-
ing path that are of lower than in the wetting path. 
This may explain periodical surface level variations 
recently measured in Bogotá soils for subsidence 
evaluations.
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ABSTRACT: The results of an experimental work on three road granular materials from La Sabana de 
Bogotá are presented. These works include small strains precision triaxial tests under cyclic loading with 
measurement of the negative pore water pressure (suction). The influence of different initial conditions of 
density, water content and fines content was studied. The interpretation of the results, in the quasi-elastic 
domain, is based on total stress and effective stress analyses, the latter allowing to take into account the 
effects of both total stresses and negative pressure, in the perspective of a more rational design of pave-
ment structures.

water on the mechanical behaviour of U.G.M. For 
this reason, to analyze the role of index parameters 
on the performance of flexible pavements it is 
essential to take in to account the influence of neg-
ative pore pressure on the Young’ modulus (E) and 
Poisson’s ratio (ν).

In the laboratory, the negative pore water pres-
sure, or suction (uc = ua − uw), is not easy to meas-
ure in coarse materials and their derivation requires 
the use of elaborate tests.

Several authors have studied the effect of the 
negative pore water pressure on the small strains 
behavior of partially saturated soils (Brull 1980, 
Wu et al., 1989, Kheirbek-Saoud 1994, Picornell 
and Nazarian 1998, Balay et al., 1998). In most 
cases, the analysis of the results is made in total 
stresses, and the role of the stress tensor is consid-
ered separately from that of the negative pore water 
pressure. Other authors (Wu et al., 1989, Biarez 
et al., 1991, Coussy & Dangla 2002, Fleureau et al., 
2003) showed that an effective stress approach 
could be used to take in account the effect of the 
capillary pressure in the interpretation of the data 
in the very small strains domain.

In this study, small strains triaxial tests with 
measurement of negative pore water pressure 
have been performed on three “non standard” 

1 INTRODUCTION

The empirical nature of traditional pavement 
design methods has been discussed in road engi-
neering for many years. These methods rely on 
empirical rules based on experience under particu-
lar conditions. The main limitation of empirical 
methods is that they cannot be extrapolated with 
confidence beyond those conditions on which they 
are based (Lekarp et al., 2000).

On the other hand, mechanistic pavement design 
is based on rational methods using Young’ modulus 
(E) and Poisson’s ratio (ν). A conditional prerequi-
site for the success of the mechanistic approach is 
that the behavior of the constituent materials is 
properly understood. Numerous research has been 
conducted on the behavior of unbound granular 
materials (U.G.M.) used in flexible pavements. 
Most of these works has been carried out on good 
quality granular materials whose index properties 
are based on the recommendations of empirical 
methods.

Non standard granular materials could have 
characteristics like higher fines content, higher 
plasticity index, higher blue methylene value and 
more crushable grains than good quality U.G.M. 
Most of these characteristics increase the role of the 
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unbound granular materials (U.G.M.) used in 
Bogotá Colombia. The Colombian materials have 
recomposed in order to attain different plasticity 
index, methylene blue value, crushability and fines 
content. Wetting tests have been carried out to 
determine suction and water content changes in 
the material during wetting. One of the goals of 
this paper is to show how to take moisture changes 
into account in the pavement design analysis using 
an effective stress approach.

2 MATERIALS AND METHODS

2.1 Materials

The materials used in this study are gravels made 
of  sandstones coming from three different loca-
tions near Bogotá—Colombia. The grain parti-
cles of  the three gravels (Servitá, Vista Hermosa 
and Soacha) have different degrees of  cementa-
tion that affects their state properties. Also two 
alluvial sands were used in order to prepare mix-
tures with controlled characteristics. The state 
properties of  the five materials are summarized 
in Table 1.

Using these five basic materials, a total of 25 
different mixtures were prepared. These mixtures 
have different fine contents, plasticity indexes, 
blue methylene, fragmentability and water content 
values as shows in Table 2.

2.2 Cyclic triaxial tests

The cyclic tests were carried out in a classic triax-
ial cell, allowing a direct measurement of the stiff-
ness modulus and Poisson’s ratio for homogeneous 
strains ranging between 10−6 and 10−2. To be able to 
explore the domain of the very small strains with 
sufficient accuracy, the force and strain measure-
ments are done on the specimen itself. The force 
transducer is placed inside the cell directly on the 
head of the specimen, which permits a precise 
measurement of the force applied to the specimen 

and eliminates the bearing-piston friction prob-
lems. The measure of the axial strains is achieved 
by means of three LDT strain sensors placed in 
the central zone of the specimen, in order to avoid 
the influence of the constrictions of the bases 
on the measures. Radial strains are derived from 
the variations of the perimeter of the specimen 
measured by a deformable belt placed to mid-
height and equipped with a LDT sensor. The LDT 
sensors are constituted of 4 strain gauges forming 
a complete Wheatstone bridge fixed on a deform-
able blade made of beryllium bronze; they were 
manufactured at the Ecole Centrale Paris on the 
model of the sensors developed at the univer-
sity of Tokyo in the team of Professor Tatsuoka 
(Goto et al., 1991). Supports for the sensors are 
put in place in the specimen during the compac-
tion. The accuracy of the strain measurements is 
approximately10−5 with a 21 bits Agilent A/D con-
verter. To prepare the specimens, water is added to 
the dry mixture in a homogenous way. Dynamic 
compaction of the specimen, 150 mm in diam-
eter and 300 mm in height, is achieved by hand by 
means of a Modified Proctor hammer, in 12 lay-
ers with 56 strokes of rammer per layer. During 
the manufacture of the specimens, special atten-
tion is paid to the setting up of the six supports 
of the vertical sensors. Then, the axial and radial 
strain sensors are put in place, as well as the force 
transducer.

To determine the reversible behavior of the 
materials, preliminary conditioning of the speci-
mens is carried out in order to simulate the real 
conditions of laying down of the soil: it consists in 
20000 loading-unloading cycles under an isotropic 
stress of 40 kPa and a deviatoric stress of 280 kPa. 
After the pre-conditioning, the specimen is sub-
mitted to 20 successive paths with increasing levels 
of stress (Figure 2a). All the tests are made under 
constant confining stress σ3.

Each loading is applied during 100 cycles. 
The reversible strains of  the specimen are meas-
ured during the 100th cycle. An example of  the 
measurements is shown on Figure 2b, where 
the deviatoric stress q is represented versus the 
axial, radial and volumetric strains (ε1, ε3 and εv, 
respectively).

These cycles illustrate the non linearity of the 
behavior, i.e. the increase in the modulus with q, 
when the axial strain exceeds the elastic limit of the 
material (about10−5).

The secant module is defined in the following way:

E q r
seEE c /ε rr

1εε  
(1)

The measurements are made for axial strain ε1
r 

approximately equal to 10−4.

Table 1. Main state properties of the materials.

Plasticity 
index
%

Blue 
methylene
(g/100 g)

Abrassion 
coeff.
Los Angeles
%

Vista Hermosa 9 1.40 20
Servitá 10 1.46 34
Soacha 16 1.90 56
Guamo sand – 0.90 –
Suarez sand – 0.50 –
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2.3 Triaxial tests with measurement 
of the negative pore water pressure

The device consists of a triaxial cell with a semi-
permeable ceramics placed in the base; the porous 

stone with high air entry pressure (1,5 MPa, from 
Soil Moisture) does not permit the passage of air 
in the water circuit. The device can be used either 
as a tensiometer (with ua = 0 and uw < 0) to meas-
ure negative pore water pressures between 0 and 
50 kPa, or with an air overpressure at the head of 
the specimen for higher negative pressures. Pore 
water pressure measurements are done by means 
of an absolute pressure sensor with a range of 
1000 kPa and a sensitivity of 0,1 kPa/mV. Data 
logging is achieved by means of a 16 bits data 
acquisition system from GDS.

The size of the specimens is 100 mm in diameter 
and 200 mm in height.

Specimens were dynamically compacted by 
means of a Modified Proctor hammer in 4 layers, 
with 56 strokes per layer. A thin layer of kaolinite is 
placed on the ceramics to ensure a good contact with 
the specimen and the continuity of the water phase.

2.4 Wetting tests on tensiometric plates

To impose negative pore water pressures ranging 
between 0 and 30 kPa, tensiometric plates were 

Table 2. Characteristics of the mixtures.

Fractions
Grain size 
distribution

Sample 
N°

Coarse 
20/0.5

Fine 
0.315/0

wL 
%

PI 
%

VB 
g/100 g

LA 
%

12.5 mm 
%

2 mm 
%

80 μm 
%

2 μm 
%

w 
%

ρd 
kg/m3 e

SR 
% wcomp

V3 VH GS 17 3 0.9 20 84.0 44.0 11 0.2 4.1 1980 0.33 33 WOPM-2.7%
V7 VH GS 16 3.6 0.7 20 77.5 37.4 9.8 0.2 5.2 1980 0.33 42 WOPM-1.6
V8 VH GS 15 3 0.8 20 81.0 41.0 9.67 0.2 4.0 1980 0.35 31 WOPM-2.8
V14 VH SS – – 0.25 20 87.0 38.0 8.92 0.1 3.1 1980 0.36 23 WOPM-3.7
V15 VH SS – – 0.5 20 84.0 37.0 9.38 0.1 4.7 1960 0.37 34 WOPM-2.1
V16 VH SS – – 0.25 20 84.0 39.0 9.08 0.1 5.8 1970 0.37 43 WOPM-1.0
V6 VH SO 27 15.7 1.9 20 80.0 36.0 12 0.2 4.4 1980 0.33 36 WOPM-2.6
V11 VH SO 27 16.4 1.9 20 88.0 54.0 32 1.6 5.0 1970 0.33 39 WOPM-2.0
V13 VH SO 26 16 1.9 20 75.0 30.5 5.1 0.1 4.5 1960 0.35 34 WOPM-2.5
V17 VH SO 26 14.5 1.25 20 82.0 37.0 11.3 1.4 3.2 1980 0.34 25 WOPM-3.8
V18 VH SO 26 14 1.25 20 82.0 37.0 12.7 1.5 4.6 1970 0.34 35 WOPM-2.4
V19 VH SO 26 14.2 1.5 20 82.0 37.0 13 1.5 6.0 1980 0.34 46 WOPM-1.0
S2 SE GS 15 5.1 0.9 34 84.0 47.0 19 0.6 3.5 2010 0.31 30 WOPM-3.0
S4 SE SO 24 12 1.6 34 84.0 46.0 19.9 0.6 4.9 2040 0.28 46 WOPM-2.6
S5 SE VH 22 22 1.3 34 82.4 46.7 21 0.6 4.8 2030 0.29 43 WOPM-2.0
S21 SE GS – – 1.0 34 – – 10 – 0 1930 0.36 0 WOPM-6.5
SO1 SO GS 23 12 1.5 56 74.5 45.9 29 1.5 6.3 1960 0.33 48 WOPM-2.0
SO9 SO GS 23 12 1.4 56 94.0 59.4 29.9 1.5 4.0 1980 0.33 30 WOPM-4.0
SO10 SO SO 27 16.1 1.9 56 89.0 59.0 30 1.6 6.5 1940 0.35 40 WOPM-1.5
SO22 SO GS – – 1.0 56 – – 10 – 0 1940 0.37 0 WOPM-8.0

WL liquid limit; PI plasticity index; VB methylene blue value; LA Los Angeles abrasion coefficient; w water content, 
ρd dry unit weight; e void ratio; Sr saturation degree; wcomp compaction water content.

Figure 1. Triaxial sample with vertical and radial LDT 
transducers.
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used. They are made of a low porosity sintered 
glass filter that plays the role of the semipermeable 
separation, set in a glass funnel. The specimen is 
placed on the filter to the atmospheric pressure, in 
contact with a reservoir filled with de-aired water. 
Imposing a difference of level between the filter 
and the measurement tube results in controlling 
the depression of the water placed in the reservoir, 
and therefore the negative pore water pressure in 
the specimen.

At the end the cyclic triaxial tests, the specimen 
is cut into several pieces that are placed on the ten-
siometric plate. The exchanges of  water between 
the specimen and the reservoir are derived from 
the displacement of  the water meniscus in a hori-
zontal measurement tube connected to the res-
ervoir. When the negative pore water pressure in 
the specimen reaches the imposed value, gener-
ally at the end of  5 days, the total volume of  the 
specimen and its water content are derived from 
immersion in kerdane followed by drying in an 
oven; the water content, void ratio and degree 
of  saturation of  the material are derived from 
these data.

3 INTERPRETATION OF THE RESULTS 
IN TOTAL STRESS, ROLE OF THE 
PLASTICITY INDEX AND FINES 
CONTENT

Two sets of tests were performed on materials hav-
ing 10% of fines: one set corresponds to a plastic-
ity index of 16% (IP = 16%) and the other to an 
IP = 0. Figures 3 and 4 illustrate the variation of 
the secant modulus with the isotropic stress p in 
two planes (logp – log Esec) and (p – Esec) for differ-
ent water contents ranging from 3.0% to 5.8%. One 
notes the sensitivity of the material to this param-
eter: under the same isotropic stress, the modulus 
is higher when the water content is smaller because 
of the increase in the capillary forces in the menisci 
that form themselves between the grains.

As previously noted (Fleureau et al., 2003), the 
lines are more or less parallel for the different wet 
soils; this is particularly clear on the logarithmic 
plan.

The logarithmic plan allows the use of exponen-
tial models like the K-θ model. On the other hand, 
the results on the linear plan adjust to straight lines 
having different slope depending on the plasticity 
index. This kind of plan allows the normalization 
of the results using the modulus E0p corresponding 
to zero total mean stress (p = 0).

The linear interpretation allows the normali-
zation of the results dividing by the modulus E0p 
(figure 5). This figure shows that all the points for 
the same plasticity index are grouped along the 
same line. We remark that the higher the plasticity 
index, the smaller the slope of the line. Equations 2 
and 3 describe the variation of the secant modulus 
for 0% and 16% plasticity index and for 10% of 
fine content.

It’s well known that the modulus increases 
as the water content reduces (Balay et al., 1998; 

Figure 2a. Stress paths for the determination of the 
elastic properties of the materials.
Figure 2b. Example of measurement of the stress 
deviator vs. axial, radial and volumetric strains.

Figure 3. Results for zero plasticity index (bleu 
value = 0.5 g/100 g), logarithmic scale.
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Fleureau, et al., 2002). This is particularly clear 
for the modulus at zero total mean stress (Eop). 
Furthermore, since water content and suction are 
directly related, the modulus Eop depends on suc-
tion. Figure 8 shows the increase of E0p with suc-
tion and therefore with the effective stress.
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where pa is the atmospheric pressure.
Figure 6 shows the normalized modulus Esec/Eop 

in the plane (Esec/Eop−p) for materials having 20% of 
fines and different plasticity indexes (5% and 12%). 
Also in this case, the slope of the lines increases as 

the plasticity index decreases but the variation is 
less significant than for the case of 10% of fines 
and plasticity indexes of 0% and 16%. Equations 4 
and 5 describe the variation of modulus for the dif-
ferent plasticity indexes. Figure 8 shows the modu-
lus E0p related to suction for the material having 0 
plasticity index and 10% of fines.
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In the case of 30% of fines, we found that the 
plasticity index has a less significant role in the 
normalized plane that in the cases with smaller fine 

Figure 4. Results for zero plasticity index (bleu 
value = 0.5 g/100 g), linear scale.

Figure 5. Normalization of the secant modulus as a 
function of the total mean stress p for plasticity indexes 
0% and 16% and 10% of fines.

Figure 6. Normalization of the secant modulus as a 
function of the total mean stress p for a plasticity index 
of 5% and 12% and 20% of fines.

Figure 7. Normalization of the secant modulus as a 
function of the total mean stress p for 30% of fines and 
different plasticity indexes.
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contents. In fact, Figure 7 shows that the slope of 
the lines in the plane (Esec/Eop−p) is the same for the 
different plasticity indexes.
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The effect of suction on E0p can be obtained 
using equation 6 (see Figure 8), with this equation 
the role of the negative pore water pressure on the 
modulus at zero total stress depends on the param-
eters b and n. These parameters for different mate-
rials are presented in Caicedo et al., 2008.

4 INTERPRETATION OF THE RESULTS 
USING EFFECTIVE STRESSES

Different expressions have been proposed to calcu-
late the effective stress in an unsaturated medium. In 
the case of high negative pore water pressures and 
low degrees of saturation, the approach developed 

at the Ecole Centrale Paris is based on a microme-
chanical model composed of regular arrangements 
of non-deformable balls of the same diameter d 
(Fleureau et al., 2003).

The increase in negative pore water pressure due 
to the reduction of the degree of saturation leads 
to an increase in the intergranular forces, which 
increases the moduli and the shear strength of the 
soil. For a regular arrangement of spheres, an ele-
mentary calculation based on Laplace’s law results 
in the following expression of the capillary stress 
p′u that represents the contribution of the negative 
pore water pressure to the cohesion of the mate-
rial. The capillary stress is a function of suction 
and of the diameter d. In the case of a real grain 
size distribution, the parameter d must be deter-
mined. The expression to pass from total stresses 
to effective stresses is therefore:

′ = + ′σ ′′ =V Vσ σσ = up
 (7)

To compare the results of the tests carried out 
at different void ratios, it is necessary to normalize 

Figure 8. Relationship between the modulus E0σv, the water content and the suction for 10% of fines and PI = 0%.
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the moduli to the same value of void ratio. 
The relation of Iwasaki et al. (1978) was used to 
bring the moduli back to a void ratio of 0.33:
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(8)

For the Colombian materials, a simplified effec-
tive stress law has been used. This relationship was 
the Terzaghi law using the measured negative pore 
pressure. Figure 9 shows all the results of moduli 
obtained for the Vista Hermosa material in func-
tion of the effective isotropic stress. All the results 
can be described by a power equation.

5 CONCLUSIONS

The precision triaxial tests performed on three 
road unbound granular materials highlight the 
non linear behavior of these materials. The effect 
of the water content, plasticity index and fines 
content on the secant modulus is important. The 
interpretation of the results in terms of effective 
stresses based on suction measurements shows 
that it is possible to take into account the effect of 

Figure 9. Esec as a function of the isotropic effective 
stress for all the mixtures with Vista Hermosa Material.

water content on the reversible parameters. The 
role of the grain size distribution and crushability 
are directly related to the changes in suction.

These results allow generalizing the constitutive 
laws developed for dry untreated unbound granu-
lar materials to larger conditions of water content, 
representative of the real conditions in pavements.
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Small strain shear modulus of an unsaturated sandy soil
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ABSTRACT: This paper aims to present and discuss the preliminary results of a set of tests performed 
to determine the maximum shear modulus of a compacted sandy soil tested both on saturated and on 
unsaturated conditions. The methodology consisted on installing certain matric suction on soil specimens 
using the axis translation technique, and testing them in triaxial cells coupled with bender elements. In 
the cells, isotropic consolidation was allowed, keeping suction at constant values. After that, shear waves 
were transmitted through the soil and their travelling times were obtained in the time domain. Results cor-
responding to wave path length to wavelength ratio greater than 3.0 were considered in the analysis. The 
comparison of test results with different soil conditions showed that small strain shear modulus increased 
with both suction and confining pressure.

strain stiffness and matric suction of  a compacted 
unsaturated sand is non linear. The range of  soil 
suctions used in the tests was 0 to 20 kPa, while 
the net confining stresses varied between 50 and 
100 kPa. In general, Go increased at a faster rate 
with suction, up to the air entry value of  the sand. 
The authors also report that for constant suction, 
Go tends to increase almost linearly with net con-
fining stress.

This paper deals with small strain stiffness meas-
ured using the bender element technique. Some 
preliminary test results of a compacted lateritic 
soil tested at saturated and unsaturated conditions 
are presented and discussed.

2 SOIL PROPERTIES

This study used a soil of colluvial origin which 
was subjected to a typical pedogenetic process of 
tropical areas termed laterization. The soil is clayey 
medium to fine sand, classified as SC, according 
to the Unified Soil Classification System. Other 
physical indices and properties are specific grav-
ity of 2.64, liquid limit of 32%, plastic limit of 
16%, maximum dry density and optimum mois-
ture content from standard Proctor compaction of 
1.80 g/cm3 and 13.8%, respectively.

The preliminary tests were carried out on speci-
mens compacted at 95% of the maximum dry 
density and at optimum moisture content. The soil-
water retention curve defined on drainage path for 
this compaction condition is shown in Figure 1. 
The experimental data were obtained via porous 
plate funnel method (ASTM 2002) and filter paper 
technique (ASTM 2003). The experimental data 

1 INTRODUCTION

The shear modulus is recognized as an important 
design parameter of the soil and has been obtained 
through laboratory and field tests. Bender element 
technique is a relatively new alternative on labora-
tory tests, which has been increasingly used in Soil 
Mechanics due to the simplicity of obtaining the 
maximum shear modulus of the soil (Dyvik & 
Madshus 1985, Jovičić et al., 1996, Brignoli et al., 
1996).

The maximum shear modulus is associated with 
small strains and is useful to evaluate the initial 
condition of geotechnical constructions, in gen-
eral, and also the surroundings of loaded areas 
in the ground, where small strains occur (Burland 
1989). When unsaturated soils are concerned, the 
induced strains are even smaller due to the higher 
stiffness provided by soil suction.

Investigations of  small strain shear modulus of 
unsaturated soils using bender elements are still 
incipient, and few authors have been reported its 
relation with suction, as for example Marinho 
et al. (1995), Hoyos et al. (2008) and Nyunt et al. 
(2011). Marinho et al. (1995), testing a highly 
plasticity statically compacted clay, reports that 
the small strain stiffness increases up to a critical 
value of  suction and that the peak value of  stiff-
ness is associated with the general air entry point 
of  the specimen. Hoyos et al. (2008) investigated 
the influence of  compaction-induced suction 
of  clayey and sandy soils on small strain shear 
modulus (Go) via bender elements and resonant 
column, noting considerable increase of  Go at 
the highest values of  suction. Nyunt et al. (2011) 
show that the relationship between the small 
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were fitted using Fredlund & Xing (1994) model 
and the resulting fitting equation was

Sr = + −

{ }e +⎡
⎣
⎡⎡ ⎤

⎦
⎤⎤

33 6 100 33 6
0 320. .
.

 

(1)

where Sr is the saturation degree in percentage and 
ψ is the matric suction in kPa.

As can be seen, this is a typical curve of sandy 
soil. Large part of desaturation takes place at rela-
tively low suction variation, between 4 and 10 kPa. 
In accordance with the soil sandy nature and voids 
arising from the relatively low dry density, the air 
entry value of the soil is of the order of 4 kPa.

3 BENDER ELEMENT TESTS

Bender element technique is a non-destructive 
dynamic method of obtaining the small strain 
shear modulus of the soil. Basically, the bender 
elements work in pairs and each element consists 
of two thin piezoceramic plates rigidly bonded to 
a central metal plate with an epoxy resin coating. 
When subjected to a voltage signal, the opposite 
polarization of the piezoceramic plates produces 
bending in a direction normal to the plane of the 
element, which is a reversible function.

The bending movement of a bender element is 
capable of transmitting shear wave through soils. 
Then, placing a pair of bender elements at oppo-
site sides of a soil sample, one transmits the shear 
wave that travels through the soil and is received by 
the other element. Both the input and output elec-
trical signals associated to the shear wave are cap-
tured by oscilloscope, allowing the travel time to 
be obtained. The measurement of wave travel time 
leads to the shear modulus of the soil by simple 
calculation. As the maximum shear strain induced 
by this method is less than 10−5 (Dyvik & Madshus 
1985), the shear modulus determined via bender 

element technique is the small strain or maximum 
shear modulus of the soil.

In this experimental program, tests on saturated 
and non-saturated specimens were performed with 
bender elements coupled to top caps and base ped-
estals of triaxial cells, where soil was allowed to 
consolidate under different isotropic stress levels.

3.1 Specimens

The soil specimens were dynamically compacted 
to reach 95% of the maximum dry density and 
optimum moisture content. Due to the availabil-
ity of testing equipment, saturated specimens were 
70 mm diameter and 140 mm height, while non-
saturated specimens were 50 mm diameter and 
100 mm height. Table 1 presents physical indices 
of specimens.

3.2 Saturated test procedure

On the saturated bender element test, backpres-
sure was used to saturate the specimen and back-
pressure was continued until a B value larger than 
95% was reached. After that, the sample was iso-
tropically consolidated to the desired target con-
solidation stresses. In doing that, different loading 
conditions were applied to the specimen. The first 
loading path started at an effective isotropic stress 
of 10 kPa. In sequence the effective confining 
stress was raised in steps until 500 kPa. After that, 
the specimen was gradually unloaded in steps until 
25 kPa, and then the specimen was reloaded and 
effective pressure reached 250 kPa.

At the end of each stage of consolidation, 
bender elements transmitted shear waves through 
the soil for later evaluation of soil stiffness at that 
specific stress state.

3.3 Unsaturated test procedure

Specimens tested under non-saturated condition 
followed a pre-test procedure to reach the tar-
get suction prior to testing. First, the specimens 
had suction reduced to zero by capillarity rising 
and then, target suctions of 50 and 100 kPa were 

Figure 1. Soil-water retention curve.

Table 1. Physical indices of the compacted specimens.

Soil condition 
at the test

ρd 
g/cm3

w 
%

Sr 
% e

Saturated 1.700 13.9 66.4 0.553
Suction of 50 kPa 1.708 13.9 67.2 0.546
Suction of 100 kPa 1.711 13.9 67.6 0.543

ρd is the dry density, w is the moisture content, Sr is the 
saturation degree and e is the void ratio.
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imposed in auxiliary chambers using the axis 
translation technique (Hilf  1956). Suction equilib-
rium was considered to be reached when the mass 
of the specimens leveled off.

The bender element tests comprised a suction 
equilibrium stage before consolidation, which 
intended to reestablish pressures that were dis-
turbed during test assembly. The consolidation 
stages and propagation of shear waves followed 
the same procedure as described for the saturated 
test. Pore air and water pressures were kept con-
stant throughout the unsaturated tests. A porous 
plate of 500 kPa air entry at base pedestal of the 
triaxial cell enabled suction to be controlled using 
axis translation.

3.4 Shear wave and small strain shear modulus

Several frequencies of shear waves were propa-
gated through the soil at the end of each stage of 
consolidation. The input signal was chosen as sinu-
soidal pulses, in accordance with the suggestion of 
Viggiani & Atkinson (1995). The amplitude of 
the pulses was 14 V and the frequencies ranged 
between 1 and 16.7 kHz for the saturated soil and 
between 1 and 50 kHz for the unsaturated soil. The 
calculation of the small strain shear modulus (Go) 
considered that soil behaves as an isotropic homo-
geneous elastic medium at small strains. For each 
confining pressure and frequency, Go was deter-
mined using Equation 2:

G V V
L
to sG VV sVV =VV 2 with

 
(2)

where ρ is the density of the soil; Vs is the shear 
wave velocity; L is the wave path length, taken 
as the distance between the tips of source and 
receiver bender elements (Dyvik & Madshus 1985, 
Viggiani & Atkinson 1995); and t is the shear wave 
travel time.

The main source of error on bender element tests 
is the subjectivity of the determination of the travel 
time used to calculate Vs (Jovičić et al., 1996). Sev-
eral methods on time or on frequency domain have 
been used to infer t, as the first major deflection of 
the received signal, the peak of the transmitted signal 
and the first major peak of the received signal, the 
cross-correlation of both signals and the cross-power 
spectrum method. Nevertheless, there is no agree-
ment among researchers about which is the most reli-
able method yet (Viggiani & Atkinson 1995, Leong 
et al., 2005, Arroyo et al., 2010, Chan 2010). Consid-
ering the preliminary nature of tests, in this paper, 
the wave travel time was taken as the first major 
deflection of the received signal, which is a straight-
forward method and contributes to the simplicity of 
the interpretation of bender element tests.

Other important aspect regarding the determi-
nation of the shear wave travel time is the quality 
of the received signals. These signals are affected 
by near-field effects, which can be minimized by 
choosing high excitation frequencies for the input 
pulses. The wave path length to wavelength ratio 
(L/λ) can be used as a guide to select the signal 
input frequency, where the wavelength may be esti-
mated from the relation between Vs and the input 
frequency. Sanchez-Salinero et al. (1986) showed 
through numerical analysis that the near-field effects 
are not significant when the wave path length to 
wavelength ratio (L/λ) is greater than 2. Consider-
ing experimental investigations, Jovičić et al. (1996) 
confirmed this tendency, and Leong et al. (2005) 
concluded that L/λ of at least 3.33 is reasonable to 
improve the quality of the received signal.

4 RESULTS AND ANALYSIS

On the tests performed, the saturated specimen 
and the specimen under 100 kPa of suction fol-
lowed the path of first loading, unloading and 
reloading, while the specimen under 50 kPa of suc-
tion experienced only the first loading path due to 
contretemps during the test.

From the results, the travel time was obtained by 
taking the first major deflection of the received sig-
nal, and the wave velocity was calculated. Figures 2 
to 4 show the shear wave velocities plotted against 
the wave path length to wavelength ratio. In these 
figures a dashed line represents the lower limit 
of L/λ, chosen through analysis of the behavior 
of the curves. It can be noticed that beyond the 
value of 3.0 the curves show a tendency of increas-
ing velocities, and forward, this property tends 
to stabilization. Therefore, the near-field effect is 

Figure 2. Shear wave velocity as a function of wave 
path length to wavelength ratio for the soil tested on satu-
rated condition.
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probably affecting the analysis of signals with cor-
responding L/λ minor than 3.0. Such behavior is 
more pronounced on unsaturated soils under small 
loadings, i.e. on relatively stiff  soils. Based on these 
evidences, the maximum shear modulus of the soil 
in each stress state was computed as the average of 
Vs with the associated L/λ greater than 3.0.

Figure 5 presents the variation of Vs with con-
fining stress on the first loading path. For all the 
soil conditions, shear wave velocities exhibit the 
same trend of increasing until 100 kPa of confin-
ing pressure and follow towards constant values 
after that. Additionally, the influence of suction 
on increasing Vs can be observed. In general, it 
has been reported that shear wave velocity tends to 
increase with net confining pressure and with soil 
suction. In this sense, the test results of saturated 
specimens shown in Figure 5 are in accordance 

with the results of Brignoli et al. (1996) who 
tested saturated sand and clays. The non-saturated 
specimens, compared with the test results of sand 
(Nyunt et al., 2011) show larger shear wave veloci-
ties what seems logical, considering the suctions 
used in the present tests.

Table 2 summarizes the maximum shear moduli 
obtained from the tests, which varied from 79 to 
481 MPa. Examining the data, it can be readily 
noticed that Go increases with loading and suc-
tion, as expected. Besides, on each soil condition, 
the moduli show quite close values for the same 
loading pressures, independently of the loading 
path concerned. This suggests that Go was barely 
affected by the stress path. However, this must be 
confirmed by additional tests.

In order to better analyze the influence of con-
fining stress on soil stiffness, data of small strain 
shear modulus at first loading stages were plotted 
against effective or net confining stresses.

The curves obtained when linear scale was used 
are similar in shape to the curves presented in 
Figure 5. However, the experimental points show 
alignment using logarithmic scale, as can be seen 
in Figure 6, and a potential fit may be made for 
each soil condition. Equation 3 shows the fitted 
equation and Table 3 reports the constants result-
ing from the fits.

G aoG a ba ( )uau−.
 

(3)

where Go is in MPa, (σ3 – ua) represents both effec-
tive or net confining stress in kPa, and a and b are 
the constants of the potential fit.
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Figure 3. Shear wave velocity as a function of wave 
path length to wavelength ratio for the soil tested under 
suction of 50 kPa.
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Figure 4. Shear wave velocity as a function of wave 
path length to wavelength ratio for the soil tested under 
suction of 100 kPa.

Table 2. Small strain shear moduli from bender element 
tests.

Isotropic stress 
at the loading 
path
(kPa)

Go (MPa) on soil condition

Saturated
Suction 
of 50 kPa

Suction 
of 100 kPa

First loading
10 79 196 203
50 144 230 317
100 195 286 342
200 245 359 –
300 301 376 427
400 347 406 –
500 399 437 481
Unloading
250 272 – 406
100 194 – 334
25 102 – 240
Reloading
100 185 – 324
250 276 – 416
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soil could not be confirmed. Probably, the reason 
for that is the suction range used in these prelimi-
nary tests, since the lower soil suction used was 
50 kPa, which is larger than the soil air entry value. 
Additional tests are underway and will help to elu-
cidate this point.

In analyzing the data of  Table 2 and Figure 7 
it is possible to verify that the soil suction is 
more effective in increasing the small strain stiff-
ness when compared to the net confining stress. 
For instance, considering the tests with net 
confining stress of  100 and 300 kPa, this increase 
of  confining stress results in an increase of  about 
50% in the shear moduli, while an increase of 
100 kPa in the suction results in almost the same 
increase in the shear moduli. That is, to obtain 
shear modulus of  the same order of  magnitude it 
is necessary to apply an increment of  net confin-
ing stress that must roughly be twice the increment 
of  soil suction.

Figure 8 shows how Go varied with void ratio on 
the tests with saturated soil and soil with 100 kPa of 
suction. The change in void ratio can be observed 
through the relation between void ratio and initial 
void ratio of the specimens. Arrows were used to 
indicate the followed path.

Figure 5. Variation of the shear wave velocity with con-
fining stress on the first loading path.

Figure 6. Variation of the small strain shear modulus 
with confining stress on the first loading path.

Table 3. Constants of the potential fits.

Soil condition a b r2

Saturated 30.2 0.406 0.99
Suction of 50 kPa 100.7 0.215 0.96
Suction of 100 kPa 128.3 0.214 0.98

The constant b indicates the inclination of the 
curves and according to Table 3, it is greater for 
the saturated condition than for the non-saturated 
condition. This suggests that the non-saturated 
soil is less suitable to changes in Go due to chang-
ing in the net confining stress when compared to 
the saturated soil. Such behavior can be attributed 
to the rigidity of soil skeleton that has arisen from 
suction.

The influence of suction on the increment of 
soil stiffness can also be observed in Figure 7. Data 
show that Go continuously increase with suction 
within the suction range tested, which is in accord-
ance with the results of Hoyos et al. (2006).

Nyunt et al. (2011) found non-linear relation-
ship between maximum shear modulus and mat-
ric suction while testing sand. The changing point 
was near the air-entry value of the soil. In the test 
results here reported, this possible behavior of the 

Figure 7. Variation of the small strain shear modulus 
with suction on the first loading path.

Figure 8. Variation of the small strain shear modu-
lus with the relation between void ratio and initial void 
ratio.
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Maximum void ratio changes were registered 
on the first loading path, and were of  8.1% for 
saturated soil, while for soil under suction this 
value corresponded to 1.6%. These results indi-
cate that volume change on the unsaturated soil 
was small and more difficult to measure in com-
parison to the saturated soil. During unloading 
and reloading, less void ratio variation happened. 
However, the shear modulus continued to vary 
and suffered little influence of  reloading after 
unloading.

5 CONCLUSION

This paper presented results of tests performed on 
saturated and unsaturated compacted sandy soil 
using the bender element technique. These are pre-
liminary data from a research that has been carried 
out at the University of Sao Paulo.

Bender elements were associated to triaxial cells 
and proved to be a simple method to obtain the 
small strain shear modulus of the soil.

Experimental results showed that a wave path 
length to wavelength ratio greater than 3.0 pro-
vided almost constant values for shear wave 
velocities and matched values suggested by other 
authors. Thus, it was considered appropriated to 
determine the shear wave velocity for saturated 
and non-saturated soil specimens.

Small strain shear modulus showed tendency to 
increase with confining pressure and also suction. 
While shear modulus versus confining pressure 
were plotted in logarithm scale and fitted to poten-
tial curves, shear modulus versus suction showed 
linearity in linear scale. Analysis of data indicated 
that the small strain shear modulus suffers negli-
gible interference of the stress path. Furthermore, 
soil stiffness has shown to be more influenced by 
an increment of suction than by the same incre-
ment of confining pressure.
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Swelling behavior of expansive clays incorporating mineralogy 
and pore size distribution via SWCC

A. Pedarla, A.J. Puppala & L.R. Hoyos
Civil Engineering Department, University of Texas at Arlington, Texas, USA

ABSTRACT: Understanding the behavior of expansive soils with moisture content provides useful 
information. However, swell properties of these clays are dependent on both pore size distribution and 
clay mineralogy, which was the major focus of this research. Information regarding micro fabric structure 
of compacted soils was obtained with Mercury Intrusion Porosimetry (MIP). Two expansive clayey soils 
having different mineralogy and basic soil parameters were selected as test soils. Soil-water character-
istic curves were obtained using pressure cell and filter paper test methods. On companion specimens, 
MIP studies were also conducted to determine the variations of fine and coarse pores in the tested soil 
specimens. Test results showed that the swelling behavior of soils was equally influenced from percent 
expansive clay mineral and pore size distribution. This signifies the importance of including fabric details 
in better swell characterization.

before and after the SWCC tests significantly 
under-predicted the values when compared to 
measured values from mercury intrusion porosim-
etry test.

Rao & Revanasiddappa (2005) studied undis-
turbed and remolded soils and conducted suction 
and MIP tests. They concluded that the matrix 
suctions of the undisturbed and remolded residual 
soil specimens are greatly influenced by the rela-
tive abundance of the inter-aggregate porosity and 
intra-aggregate porosity.

Zhang & Li (2010) conducted MIP tests on 
coarse grained soils and found that soils having 
coarse contents larger than 70% are considered 
to have coarse controlled structures. Also, it was 
found out that the predicted SWCC from MIP tests 
was in good accordance with the measured SWCC 
for fine grained soils. Cui & Tang (2011) studied 
pore structures of different soils using MIP and 
Scanning Electron Microscope (SEM) devices and 
studied the micro and macro mechanisms of land 
subsidence caused by a high-rise building group.

Chittoori & Puppala (2011) used basic soil prop-
erties like total potassium (TP), specific surface 
area (SSA) and cation exchange capacity (CEC) 
to predict the expansive clay mineral contents in 
a soil. Predictions of test results are in good agree-
ment with the known standard values.

The present research targets the effects of clay 
mineralogy, moisture content and pore size distribu-
tion on expansive clays behavior. These three param-
eters are in turn dependent on each other. SWCC 

1 INTRODUCTION

Expansive soils are quite unstable and cause damage 
to the structures overlying them due to their volume 
changes. The swell shrink behavior of expansive soils 
causes damages to structures that are much higher 
than the damages caused by other natural disasters 
like earthquakes and floods (Jones & Holtz 1973). 
The behavior of these fine grained soils is better 
understood with their type of constituent mineral 
and the pore size distribution. The seasonal mois-
ture variation of the field governs the expansive soil 
behavior (Nelson & Miller 1992).

This unsaturated behavior of expansive soil 
makes it very problematic to measure the actual 
pore space. The moisture absorption characteristic 
of a soil is mainly dependent on the pore size distri-
bution, suction and mineralogy of a soil (Mitchell 
1993). Hence it is important to study both pore 
size distribution and clay mineralogy in better 
understanding the soil behavior.

1.1 Background

Aung et al. (2001) conducted research on Singapore 
residual soils and compared soil-water charac-
teristic curve (SWCC) with soil-air characteristic 
curve (SACC) obtained from the pore size distri-
bution studies. Results showed a close resemblance 
between these two curves. In a study conducted by 
Simms & Yanful (2002), predictions of the SWCCs 
using pore size distributions (PSD) measured both 
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frame work is used to explain all these parameters 
and their influence on overall swell behavior.

2 EXPERIMENTAL STUDY

Two expansive clays were selected for the present 
research study. These soils were selected from two 
different regions having different geological forma-
tions and distinct behavior.

2.1 Basic soil tests

Standard laboratory tests were conducted on both 
the soil specimens in order to identify their behav-
ior. The optimum moisture content and dry density 
properties were determined using Standard Proctor 
Test and these results are summarized in Table 1.

The mineralogy of the soil was identified with the 
help of standard procedure based on CEC, SSA and 
TP contents (Chittoori & Puppala 2011, Pedarla 
et al. 2012). The soil from Texas was classified as fat 
clay which comprises of 60% of Montmorillonite 
and Illite (expansive clay minerals) in its clay frac-
tion. The soil from Oklahoma was low compress-
ible lean clay but exhibited a higher content of both 
Montmorillonite and Illite (90%).

2.2 Macro swell behavior

Soils used in the present research were pulverized 
after oven drying and allowed to pass through 
U.S. No. 40 sieve. Soil specimens were compacted 
to 25 mm height and 62.5 mm in diameter 
at their OMC—MDD condition. The specimens 
were compacted statically at a strain rate of 
2.27 mm/min. Prepared samples were then trans-
ferred to the consolidation setup. The samples 
were then tested for swell strains at an overburden 
load of 7 kPa (ASTM D4546–08). Figure 1 shows 

the variation of maximum 1D vertical swell with 
elapsed time.

The maximum vertical swell strain exhibited by 
the Texas soil was 9.3%, whereas Oklahoma soil 
exhibited a vertical swell strain of 4.4%. It was 
observed that though Oklahoma soil exhibited 
higher amounts of expansive minerals, the swell 
strains are less when compared to the same of 
Texas soil. Reason for this behavior is explained in 
the later sections.

2.3 SWCC measurements

Replicate samples compacted as specified before 
were used in suction studies. Soil-water character-
istic curve (SWCC) was measured using a pressure 
cell apparatus at low matric suction range and fil-
ter paper technique at high matric suction range. 
The pressure cell apparatus with a 500 kPa ceramic 
plate was used for measuring the SWCC following 
the drying path in the suction range of 0 to 500 kPa 
(ASTM D6836-02). The filter paper technique 
(ASTM D5298-10) was then used for measuring 
the matric suction for a range of 500 to 10,000 kPa. 
For this technique, Whatman No. 42 filter paper 
was used in the present experimental program.

Figure 2 shows the SWCCs measured for the 
suction range of 0 to 10,000 kPa. At select suction 
cycles, the specimen dimensions were measured. 
The volumetric changes measured were then deter-
mined and applied to the calculations of volumet-
ric water contents corresponding to the respective 
values of suction pressures.

The change in volume is predominant in expan-
sive clays during application of suction conditions 
which alters the volumetric water content in the 
compacted soil specimens. Hence forth, care is 
taken to measure the volumetric changes during 
SWCC studies.

Table 1. Basic soil characterization.

Property
Texas 
soil

Oklahoma 
soil

Liquid limit, wL (%) 55 41
Plasticity index, wP (%) 37 21
USCS classification CH CL
% passing U.S. Sieve No. 200 92 90
Specific gravity, Gs 2.72 2.83
% Montmorillonite & Illite 60 90
Maximum dry density, 

MDD (Mg/m3)
1.64 1.59

Optimum moisture content, 
OMC (%)

17 24
Figure 1. 1-D vertical swell response from both test 
soils.
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2.4 Mercury intrusion porosimetry studies

Mercury Intrusion Porosimetry (MIP) is based 
on the premise that a non-wetting liquid will only 
intrude capillaries under particular pressure. MIP 
method for measuring pore size distribution of 
porous solids was first proposed by Washburn 
(1921). In order to interpret pressure values, the 
pressure is usually converted into equivalent pore 
radii by applying the following Washburn (1921) 
equation (1):

r = −2rcosθ/p (1)

where θ is the contact angle between the mercury 
and a surface of the solid material tested and r is 
the surface tension of mercury. The mercury was 
intruded into the sample tube under the vacuum 
condition. The low pressure analysis was con-
ducted which is preceded by the high pressure 
analysis  ψa = 150 kPa.

The test samples were prepared at their maxi-
mum dry densities. A sample of  5 mm size was 
carefully cut from the soil specimen and was tested 
for MIP. Replicate specimens from matric suction 
measurement are freeze dried. The soil specimens 
are dried completely in order to study the pore dis-
tribution at that state. The pore distribution of  the 
soil specimen varies with moisture content which 
is in turn influenced by the mineralogy of  the soil. 
Hence, the present research studies the pore distri-
bution of  the soil specimen at its initial dry state.

The volume of mercury forced in to the specimen 
after each increment was automatically recorded. 
Each pressure increment pushes mercury into the 
accessible soil pores of a diameter larger than or 
equal to that calculated by the Washburn (1921) 
equation for the given pressure. The extrusion 

curve does not coincide with the intrusion curve 
because there is some mercury retained in the 
pores of soils.

3 LINKING SWELL POTENTIAL 
WITH PORE STUDIES

The variation of total pore volume for a given 
pore radius is presented in Figure 4. The pores 
corresponding from 6 to 60 μm are classified as 
coarse pores. Pores from 0.01 to 6 μm are classi-
fied as medium pores and the pores from 0.01 μm 
to 0.002 μm are regarded as fine pores. The 
total volume corresponding to the pores at that 
pore size is calculated and presented in Table 2. 
Figure 3 shows the variation of pore size for both 
the soil specimens.

Texas soil exhibits a lower total pore volume 
of 14.8 cm3/g when compared to Oklahoma soil 
which is 18.4 cm3/g.

The distribution of pore size is a governing 
parameter for the hydraulic conductivity of the 

Figure 2. Soil-water characteristic curves for Texas and 
Oklahoma soils. (ψa – Air entry pressure).

Table 2. Summary of test results.

Property
Texas 
soil

Oklahoma 
soil

1-D swell (%) 9.3 4.4
Air-entry value ψa (kPa) 150 80
Saturated water

Content (%)
36 27

Average pore diameter (μm) 0.0306 0.022
Micro Pore vol. (%) 18 26
Medium Pore vol. (%) 60 64
Total pore volume (cm3/g) 14.8 18.4
Pore gradation Uniform/well Gap

Figure 3. Patterns of intrusion and extrusion of mer-
cury from both soil specimens.
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soil medium. Figure 4 shows that the pore sizes 
for Texas soil are more uniform and well distrib-
uted when compared to the Oklahoma soil. The 
majority of pore volume for Oklahoma soil is 
concentrated between 0.01 to 0.1 μm. This uneven 
distribution of pore radius curve leads to lack of 
interconnectivity between pore radii in Oklahoma 
soil and influenced moisture distribution across the 
soil specimen. Hence it can be stated that due to 
uniform pore gradation and lesser micro pore sizes, 
Texas soil will have more open fabric and hence has 
higher moisture movement within the soils. This 
explains the reasons for Texas soil to exhibit high 
swelling potential than the Oklahoma soil which 
contains gap graded type of pore distribution 
and higher micro pore volume. Consequently this 
resulted in less heaving in the Oklahoma soil.

4 SUMMARY AND CONCLUSION

Two expansive clays were selected for the present 
study. After the basic soil testing it was concluded 
that Texas soil was fat clay having more swell strain 
than Oklahoma soil. Oklahoma soil exhibited 
more expansive mineral content than Texas soil. 
However, macro swell tests showed that Texas soil 
samples experienced larger swelling.

SWCC measured along the drying path of the 
specimens revealed the variation of air entry value 
and saturated moisture contents between these soils. 
The higher moisture capacity for Texas soil is attrib-
uted due to the uniformly graded pores and lesser 
micro pores which have allowed for more moisture 
access to clay minerals in the compacted specimens. 
This results in larger swelling in Texas soils.

Overall, the results here indicate that the clay 
mineralogy and pore distribution are needed to 

understand the swelling capacities of sub-soils. 
The present research is limited to two expansive 
soils. Hence, research on more soils is required to 
determine the effects of pore space distribution on 
swelling behavior of expansive clays.
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ABSTRACT: This paper presents the first results of a comprehensive experimental program with the 
objective to characterize the retention properties of sand–silt mixtures, and particularly to investigate the 
impact of volumetric changes on the retention curves of these materials. During our tests carried out with 
a suction-controlled oedometer cell, the samples are subjected to drying and wetting paths under null total 
stress. To control suction, the axis translation technique, is used. Volumetric variations of the samples are 
measured continuously during drying-wetting cycles. Samples with different proportions of sand and silt 
and different initial void ratios are tested. Influence of the proportion of silt on the volumetric changes 
and on the retention curve is studied, followed by the influence of the initial void ratio on the retention 
curves. Moreover, effects of volume change during loading are also analyzed.

While the validation of these models requires 
necessarily the confrontation with reliable and 
complete experimental data (in regard to the range 
of loading paths tested), we were quickly con-
fronted with the lack of data in this domain of our 
theoretical work. This deficiency arises from the 
fact that laboratory characterization of partially 
saturated soils requires unconventional experimen-
tal equipment and exceptionally long durations of 
time to perform.

This lack of experimental data concerns in par-
ticular the phenomena of hydric irreversibility 
usually associated with hysteresis effects occurring 
during drying-wetting cycles, and their coupling 
to mechanical irreversibility, especially related to 
volumetric variations. This high degree of hydro-
mechanical coupling in unsaturated soils has in 
particular been demonstrated experimentally by 
Sun et al. (2007). Indeed, in addition to exerting an 
influence on the mechanical behavior, the retention 
curve itself  is conversely influenced by variations 
in porosity. From the point of view of modeling, 
some authors (Sun et al., 2007a, Sun et al., 2008, 
Khalili et al., 2008, Nuth et al., 2008a) assume that 
the retention curve is translated by an amount 
depending on the change of void ratio.

This lack of experimental data motivated the 
development of a set of laboratory equipment in 
ENTPE to study the hydromechanical coupling 
in partially saturated soils. In particular, a set 
of oedometric cells and a trixial cell, both with 

1 INTRODUCTION

The Department of Civil Engineering of ENTPE 
has been performing theoretical and experimental 
research on partially saturated soils since several 
years. The objective is to develop a data base and 
computational tools capable of simulating the 
hydromechanical behavior of unsaturated geo-
materials (soils or soft rocks) taking into account 
complex hydro-mechanical loading paths that can 
be encountered in practice.

Within the framework of  this research, Pereira 
et al. (2005) first proposed a general methodology 
to take into account suction effects in constitutive 
models originally developed for dry or saturated 
soils. Based on this work, Morvan et al. (2009) 
subsequently developed a constitutive model of 
unsaturated soils based on the concept of  “Bound-
ing Surface Plasticity” (Dafalias et al., 1986). This 
model, with thirteen parameters, well-adapted to 
the case of  sandy and silty soils, has shown its 
ability to reproduce a number of  interesting fea-
tures not treated so far by other existing models 
(post-peak softening, evolution from contractant 
to dilatant behavior during undrained shearing, 
gradual transition from purely elastic to elastic-
plastic behaviour). In a third stage, Morvan et al. 
(2011) have introduced additional mechanisms 
in this model in order to account for hysteretic 
effects which appeared during or drying-wetting 
cycles.
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suction control using axis translation technique, 
were developed. This paper presents the results 
and analyses of the first tests performed with the 
oedometric cell, by applying drying-wetting cycles 
on sand–clay mixtures with different clay contents 
and different void ratio.

2 EXPERIMENTAL DEVICE 
AND PROCESS

2.1 Experimental device

The oedometer used in our tests is based on 
Fredlund SWCC device (Padilla et al., 2005, Perez-
Garcia et al., 2008). This apparatus is schematically 
presented in Figure 1, where suction is imposed by 
axis-translation technique. To achieve this, the base 
of the oedometer is equipped with a removable 
porous stone with high air-entry suction (100 kPa 
or 500 kPa according to the material studied). Being 
voluntarily kept at full saturation, the porous stone 
guarantees the continuity between water contained 
in the soil sample and water inside the pressure-
volume controller. The latter device which allows 
to impose water pressure on the porous stone 
has the following characteristics: maximum pres-
sure (1500 kPa), precision of pressure (± 0.5 kPa), 
maximum volume (180 cm3), accuracy of volume 
measurements (1 mm3). In parallel, air pressure is 
imposed on the entire volume inside the cell using a 
circuit of pressurized air regulated using a pressure 
regulator with a precision of 0.1 kPa.

The soil sample to be tested is mounted in a 
rigid cylinder with a height of 20 mm and a diam-
eter of 70 mm, and placed on the porous stone. 
Only the axial strain parallel to the axis of the cyl-
inder is allowed, the radial strain being inhibited 
by the rigid cylinder. Its upper face is in contact 
with the piston of the cell by which a uniformly 
distributed vertical load is applied on the soil sam-
ple. The guiding rod of the piston passes through 
the cover of the cell while ensuring water-tightness, 
and has a system for compensating air pressure in 
order to prevent any uplift of the loading device 
due to increasing air pressure in the cell.

The vertical displacement of the piston is meas-
ured using a LVDT sensor with a maximum stroke 
of 5 mm. The command of the pressure—volume 
controller for water and data acquisition (air and 
water pressures imposed, water volume exchanged, 
vertical displacement of the piston) are ensured by 
an automatic computerized system.

2.2 Materials tested

To this date, two experimental campaigns to 
study the hydromechanical couplings in partially 

saturated soils during drying-wetting cycles have 
been performed with this device. The first was con-
ducted on a reference sand (Hostun S28 sand) and 
the second on a mixture of sand (Hostun S28 sand) 
and clay (kaolin powder) with a clay mass content 
of 10%. The grain size distribution of these two 
materials is presented in Figure 2.

Two tests were conducted on pure sand, each 
with a different density: one loose (Dr = 39% cor-
responding to a void ratio e = 0.85) and one dense 
(Dr = 70%, e = 0.74), to study the translation of 
retention curve due to change of initial density. For 
both tests, the samples were prepared by pluviation 
of dry sand. Two different drop heights were used 
to obtain the targeted densities.

In the case of sand–clay mixture, two drying-
wetting tests were performed on specimens with 
comparable void ratios: 0.71 and 0.72. Beforehand, 
a protocol for sample preparation in order to 
ensure their homogeneity and reproducibility was 
developed. In this protocol, the sand and kaolin 
powder (10% of the dry mass of the mixture) are 
initially mixed and then moistened to a water con-
tent of 6.5% (the optimum Proctor of the mixture 
being obtained at a water content of 11%). The wet 
mixture is then compacted by layer inside a Proctor 
mold. The soil sample to be tested is then extracted 

Figure 1. Schematic representation of the suction- 
controlled oedometer cell developed in ENTPE.

Figure 2. Grain size distribution of Hostun S28 sand 
and kaolin powder.
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using the ring oedometer and is then placed in the 
oedometer cell.

2.3 Preliminary modeling

For each of these tests, a preliminary simulation 
was performed to determine the shape of the reten-
tion curve and the order of magnitude of the air-
entry suction in order to optimize the increments 
of suction to be imposed hence the test duration. 
The analytical model used in this preliminary 
simulation is the modified model of Kovacs (MK 
Model, Aubertin et al., 2003). This model was 
chosen because it is suitable for granular materials 
and it takes into account the influence of physical 
parameters (liquid limit, void ratio) on the reten-
tion curve. Using this model, we obtain for the 
Hostun S28 sand an estimated value of the air-
entry suction about 1 kPa thus at the limit of the 
precision of measurement of our equipment. For 
the sand-clay mixture studied, air-entry suction is 
estimated to be about 30 kPa (Fig. 3), which is fully 
consistent with the characteristics of the experi-
mental setup used.

2.4 Testing procedure

Firstly, the porous stone is saturated with water. To 
achieve this, it is placed on the oedometer cell and 
then subjected to a circulation of deaerated water 
using the pressure-volume controller of water at 
a pressure of about 10 kPa. The porous stone is 
turned over several times during this procedure. 
The soil sample is then put into contact with the 
porous stone and is then saturated with a slow and 
ascending circulation of water in the oedometer 
cell. After full saturation, the drying-wetting test 
can begin. Different levels of suction are imposed 
by steps by increasing the air pressure while 
keeping a constant water pressure (usually set at 
10 kPa). The test duration for each level of suction 
depends on the time required to reach equilibrium 
for the water exchange between the controller and 
the sample. In our tests, equilibrium is considered 
to be attained when no change in the volume of 
water contained in the sample is observed for three 
straight hours.

Once the drying phase is completed, a wetting 
phase is imposed by step-wisely decreasing the 
air pressure. At the end of  the test, the cell is 
demounted and the entire sample is recovered to 
measure its water content and void ratio. Note 
that the full test, comprising a drying and wet-
ting cycle, lasts about two months. Figure 4 
presents the raw measurements of  air pressure 
and volume of  water exchanged at one of  the 
drying-wetting tests on sand. We can thus visu-
alize the different steps of  suction increments 

imposed (water pressure is kept constant and 
equal to 9.5 kPa).

3 TESTS ON SAND

3.1 Tests on loose sand

Figure 5 shows the drying-wetting curve obtained 
for loose sand (Dr = 39%). This presents a classic 
form where the branch corresponding to the dry-
ing phase is above that obtained during wetting. To 
obtain the same degree of saturation, one needs a 
higher suction during drying than during wetting. 
The material studied presents only a small hystere-
sis between the wetting and the drying curves. This 
may result from the loose state of the sand studied 
and its narrow grain size distribution which favors 
a uniform pore size.

Figure 5 also shows the very good capacity of 
the experimental device to accurately measure a 
very low air-entry suction (in the order of 1 kPa for 
loose sands) as well as a very low residual suction 

Figure 3. Retention curve of the sand–silt mixture 
computed with the modified Kovacs model.

Figure 4. Examples of steps of imposed air pressure 
and volume of water exchanged during a drying-wetting 
test on sand.
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(in the order of 1.5 kPa for the material studied). 
Note that these measurements are possible thanks 
to the use of a high-precision (less than 100 Pa) air 
pressure regulator.

3.2 Tests on dense sand

Figure 6 shows the retention curve obtained in the 
case of Hostun sand in the dense state (Dr = 70%) 
during a drying-wetting cycle. Contrary to the 
case of loose sand, this figure shows a strong hys-
teresis between wetting and drying phases, which 
seems to reflect a higher dispersion of pore size. 
Note however that the air-entry suction measured 
on dense sand (of the order of 1.5 kPa) is close to 
that measured on loose sand. The air-entry suction 
therefore appears little influenced by the density of 
the granular material studied in this paper.

3.3 Comparison of two densities

Figure 7 compares the retention curves of Hostun 
S28 sand obtained for a drying path for both densi-
ties studied. It shows that the retention curve of the 
granular material is significantly influenced by the 
initial density of the sample. In our case, this dif-
ference is especially important for suctions above 
the air-entry value. Indeed, if the measurements 
obtained tend to confirm the logarithmic depend-
ence of the degree of saturation on suction during 
drying, they also show that this dependence (slope 
of the drying curve) is also influenced by the state 
of initial density of the material. Hence, due to the 
presence of smaller pores in a dense material, it 
seems logical that a higher suction is necessary to 
drain this sample than in the case of loose material.

3.4 Comparison of saturation degree

For classic experimental design, either water vol-
ume or water mass exchanges are measured which 
would then allow to deduce changes in water 

content (w) of the sample. To determine the degree 
of saturation (Sr) from measurements of water 
content, it is necessary also to monitor changes of 
void ratio (e) of the sample during the test since:

S
w
erSS s

w
=

ρs

ρ

where ρs and ρw represent the densities of solid 
grains and water.

Figure 5. Retention curve of loose Hostun S28 sand 
obtained during our tests.

Figure 6. Retention curve of dense Hostun S28 sand 
obtained during our tests.

Figure 7. Comparison between retention curves (upon 
drying) of Hostun sand at loose and dense states.

Figure 8. Influence of the variations of void ratio on 
the deter-mination of the degree of saturation in the case 
of loose Hostun S28 sand.
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Thanks to an accurate and continuous 
measurement of  the variations of  the height of 
the sample during the test, our experimental 
device allows this correction. Figure 8 illustrates 
the effects of  this correction in the case of  loose 
Hostun S28 sand. Note that despite its low initial 
density, this granular material shows no signifi-
cant volume change during the drying-wetting 
cycle which justifies the first order correction on 
the degree of  saturation.

4 TESTS ON A SAND-SILT MIXTURE

During the retention tests on the sand-clay mixture 
presented in Section 2.2, it appeared that the time 
required to reach equilibrium for water exchange 
between the controller and the sample at each suc-
tion increment was much longer than in the case 
of pure sand (approximately ten times longer). 
Only the initial part of the drying curve was then 
studied. This work allows us in particular to verify 
the capacity of our experimental device to charac-
terize the behavior of sand-clay mixtures close to 
saturation.

Figure 9 shows the drying curves of  the sand—
clay mixture obtained for two initial void ratios 
(0.71 and 0.72) close to each other, where only a 
very small difference can be observed. This dem-
onstrates the good reproducibility of  the soil sam-
ples studied. The one corresponding to the denser 
material is slightly translated towards higher suc-
tions. Both curves have similar slopes, with an 
air-entry suction of  the order of  10 kPa, logically 
greater than those observed on pure sand.

Figure 10 shows the corresponding variations of 
void ratio. Both samples show a similar decrease of 
their void ratio, indicating shrinkage of the mate-
rial during drying. Due to the presence of a granu-
lar matrix, this shrinkage is low (3% variation of 
the void ratio at 50 kPa suction).

Figure 11 compares the corrected and uncor-
rected values of the degree of saturation of the 
sand-clay mixture according to the consideration 
or not of its volume changes during drainage. This 
comparison is made for the mixture of initial void 
ratio 0.72. Note that the effect of this correction 
on sand-clay mixture is more pronounced than 
for pure sand but remains relatively unimportant 
(around 3%). This figure shows fewer differences 
than those due to the imperfect reproducibility of 
the samples in the case of sand-clay mixtures stud-
ied (Figure 9). On the other hand, this result shows 
the capacity of our experimental device to take into 
account the volume changes of the material, even 
small, during the drying-wetting cycle. It confirms 
its interest compared to more conventional devices, 
such as the Richards’ apparatus for example.

5 COMPARISONS BETWEEN THE TWO 
MATERIALS

Figure 12 compares the drying curves obtained 
for the two materials studied: dense sand and 
sand-clay mixture with a void ratio of 0.72. Due 
to pores of smaller sizes, it seems logical that the 
drying curve of the sand-clay mixture (air-entry 
suction around 10 kPa) is shifted towards higher 
suctions compared to that of sand (air-entry suc-
tion around 0.5 kPa).

Figure 9. Retention curves (drying path) obtained on 
sand-clay mixture.

Figure 10. Variations of void ratio of sand-clay mix-
ture during drying tests.

Figure 11. Influence of variations of void ratio on the 
determination of degree of saturation in the case of loose 
Hostun S28 sand.
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Moreover, the measurements effectuated on 
pure sand as well as on sand-clay mixture confirm 
the logarithmic dependence of the degree of satu-
ration on suction during drying (coefficient of cor-
relation above 0.97). This observation confirms the 
relevance of using this kind of relationship in the 
model of Morvan et al. (2009, 2011). More impor-
tantly, our tests also provide evidence on the influ-
ence of the grain size distribution and density on 
the constant of proportionality of this logarithmic 
dependence.

6 CONCLUSION

The paper presents the first results of a compre-
hensive experimental program set out to charac-
terize the retention properties of pure sand and 
sand–silt mixtures, and more particularly to inves-
tigate the impact of volumetric changes on the 
retention curves of these materials. During our 
tests carried out using an oedometer cell with con-
trolled suction, the samples are subjected to drying 
and wetting paths under null total stress. The axis-
translation technique (with excess air pressure) is 
employed for suction control. Volumetric varia-
tions of the samples are also measured continu-
ously during the drying-wetting cycles. Mixture 
samples with different proportions of sand and silt 
and different initial void ratios are tested.

These first tests showed the ability of our experi-
mental device to study the hydromechanical behav-
iour of sand-clay mixtures with good precision 
and reproducibility, particularly in the domain of 
low suctions. Different physical phenomena, such 
as hysteresis between drying and wetting and off-
set of the retention curve towards higher suction 
with decreasing pore size, have been studied and 
quantified in the case of sand and sand-clay mix-
tures. Similarly, the logarithmic dependence of the 
degree of saturation on suction during drying was 
analyzed for the materials tested. The relevance of 

a correction in the determination of the degree of 
saturation taking into account the volume change 
of the material has also been discussed.
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ABSTRACT: An investigation of  the collapse behaviour of  an intact loess samples extracted close 
to the high speed train line (TGV Nord linking Paris to Brussels and London) has been conducted in 
relation with some stability problems observed during heavy rain episodes. The effect of  initial water 
content on the collapse obtained when soaking samples under the standard 200 kPa stress has been 
investigated, with significantly higher collapse potential in drier states. The effect of  the applied stress 
has also been considered by running tests under 200 kPa (standard value) and the considerably smaller 
value 19 kPa (close to in-situ vertical stress of  16 kPa). Tests were performed by using two techniques: 
Constant Strain Rate (CSR) tests and Step Loading (SL) tests. The changes in suction upon loading 
were measured by means of  an in-house constructed high capacity tensiometer. The results showed a 
higher collapse strain under the small in-situ vertical stress. Microstructure observation (SEM) sug-
gested that the resistance of  the microstructure should not be homogeneous given the irregular position 
of  silt grains-clay aggregations between a metastable arrangement of  clean silt grains. Clearly, collapse 
under wetting should occur by the densification of  the areas where grains are clean with large pores 
around them. The zones in which the porosity is filled by clay aggregation should be more resistant and 
locally less sensitive to collapse.

first examined. Then, the collapse susceptibility is 
further investigated by carrying out various oed-
ometer compression tests including standard step 
loading tests and constant rate of strain (CRS) 
tests. One of the performed CRS tests comprised 
collapse upon wetting under vertical load of 
19 kPa (closer to the in-situ vertical total stress of 
16 kPa) smaller than the standard 200 kPa value. 
The results obtained are analysed with respect to 
microstructure considerations.

1 INTRODUCTION

Extensive areas in northern regions of France 
are covered by aeolian loess layers that have been 
deposited during the last glaciation by a constant 
North-West wind blowing from the Channel, close 
to the limit of the ice sheet at the time of the last 
glaciation (Figure 1).

As seen in the Figure, the North high speed train 
railways (TGV Nord between Paris and Brussels/
London) crosses the loess deposits, particularly in 
an area in which significant instabilities have been 
observed, close to the city of Amiens in Picardie.

A typical illustration of the surface instabilities 
is illustrated in the photo of Figure 2. Impressive 
sinkholes were observed during the TGV construc-
tion period when shallow loess layers that were 
previously protected from rain by an upper super-
ficial illuviated clayey layer (Antoine et al., 2003) 
were exposed to climatic effects (drying and rain-
ing) during the railways construction.

This kind of instability with respect to water 
inundation led to further investigate the collapse 
susceptibility of these loess deposits (e.g., Cui et al., 
1995, 2004, Delage et al., (2005).

In this work, the change in collapse suscepti-
bility of the loess with respect to water content is 

Figure 1. Extension of loess deposits in Northern 
France (Antoine 2002).
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2 CHANGES IN COLLAPSE WITH WATER 
CONTENT

The effect of initial water content on collapse was 
investigated on good quality specimen trimmed 
from blocks extracted close to the village of Crois-
illes (CR in Figure 1) at a depth of 2.2 m. The geo-
technical parameters of the loess of Croisilles are 
given in Table 1.

The loess has a 6 plasticity index and contains 
12% carbonate, a component known to provide 
some bonding between particles due to the altera-
tion of primary carbonates (MgCO3 or CaCO3) 
followed by re-precipitation (“Loess is not just the 
accumulation of dust”, Pécsi 1990).

Standard collapse tests were run by soaking 
specimens that have been previously compressed 
up to 200 kPa at constant values of water content 
(23, 14 and 4% respectively).

Figure 3 (Cui & Marcial 2003) presents the 
effect of  the initial water content on the collapse 
behaviour of  loess samples from the village of 
Croisilles along the TGV line. This investiga-
tion was conducted to better understand the 
response of  loess surfaces exposed to the atmos-
phere like that of  Figure 2, given that it appeared 
that drier loess layers presented more dramatic 
instabilities.

Clearly, the collapse settlement (2, 4.4 and 7.5% 
respectively) is larger in drier samples. The data 
show that all compression curves after soaking fol-
low the compression curve of an initially soaked 
sample (under 3 kPa), confirming the validity of 
Jennings & Knight’s double oedometer technique. 
Indeed, the drier the sample, the larger the collapse 
strain. Since all collapse sequences end up along 
the same saturated compression curve, the increase 
in collapse in drier specimens is due to their larger 
rigidity that allows less deformation during the 
constant water content compression phase prior 
to soaking.

This recalls that the collapse strain upon wet-
ting observed under a given stress depends of the 
unsaturated compression strain obtained during 
the compression phase conducted prior to the 
soaking sequence, giving particular importance to 
the choice of the stress value under which soaking 

Figure 2. Collapse behaviour in shallow layers of loess 
directly exposed to climatic variations.

Table 1. Geotechnical characteristics of the Croisilles 
loess.

Sample depth 2.2 m

Natural water content w (%) 18.1
Dry unit mass ρd (Mg/m3) 1.39
Natural degree of saturation Sr 0.53
Natural suction (HTC) (kPa) 34
Clay fraction (% < 2 μm) 16
Plastic limit wp 22
Liquid limit wl 28
Plasticity index Ip 6
Carbonate content (%) 12

Figure 3. Effects of initial water content on collapse.
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is performed. This is now further explored by 
conducting soaking tests under both low and large 
stresses.

3 EFFECT OF APPLIED STRESS 
ON COLLAPSE UPON WETTING

Tests were performed on good quality samples 
trimmed from a block that was manually extracted 
at a depth of 1 m close to the village of Bapaume. 
The geotechnical characteristics of the samples 
are presented in Table 2. Their water retention 
properties have been investigated in details in 
Muñoz-Castelblanco et al. (2012) in relation to 
microstructure features. The loess has a higher plas-
ticity index (9) compared to the Croisilles loess and 
contains less carbonate (6%), it is also slightly denser 
(ρd = 1.45 Mg/m3 compared to 1.39 Mg/m3).

A series of oedometric compression tests 
(Table 2) in which suction changes were monitored 
by using an in-house constructed high capacity 
tensiometer (HCT, Cui et al. 2008) at the base of 
the sample as described in Delage et al. (2007) was 
carried out.

Tests were performed at constant water con-
tent starting from the natural unsaturated state 
(wi between 14.3% and 14.9%) with initial suctions 
si between 38 and 47 kPa. Most tests were standard 
step loading tests (SL001 to 004), but two constant 
rate of strain (CRS03 and 05) were also conducted. 
As noted by Tarantino & De Col (2008), it is pref-
erable to run constant rate of strain tests when 
monitoring suction changes during oedometer 
compression.

In test SL004, the sample was soaked at very 
low stress (1.5 kPa) prior to compression, provid-
ing the “saturated” reference compression curve. 
Constant water content tests were made to com-
pare the unsaturated compression behaviour (with 
preserved initial structure) with the saturated one, 

like in the double oedometer test (Jennings & 
Knight 1957).

The data presented in Figure 4 come from test 
SL001 (step loading test at constant initial water 
content of 14.6%), test CRS03 at constant rate of 
strain of 0.059%/mn and at constant water content 
(w = 14.4%) that presents excellent correspondence 
with test SL001, test SL002 (step loading test of a 
sample previously soaked under 1.5 kPa with no 
collapse observed), test CRS05 carried out after 
soaking under 3 kPa (with no collapse observed) 
that presents excellent correspondence with test 
SL002, test SL003 (step loading collapse test with 
soaking at 205 kPa). Excellent correspondence is 
observed between tests SL001 and CRS03 before 
collapse, and between tests SL002 and CRS05 
after collapse.

The Figure also shows the data of the SL004 step 
loading test with collapse at 19 kPa (a stress slightly 
larger than the in-situ stress of 16 kPa).

Note that all the initial states have the same ini-
tial void ratio (0.85), showing fairly good homo-
geneity within the block. The responses in suction 
are reasonably constant in all tests, showing that 
the same suction decrement occurs during both 
collapses at 205 and 19 kPa.

There is excellent correspondence between all 
tests, showing the good quality and homogeneity 
of the samples tested and the good quality of the 
experimental procedures. The unloading response 
of the unsaturated test SL001 at w = 14.4% 
(Srf = 65%) is comparable to that of the tests where 
unloading has been made after soaking (SL005, 
SL004, SL003, SL002), showing little influence of 

Table 2. Geotechnical characteristics of the Bapaume 
loess.

Sample depth 1 m

Natural water content w (%) 14.4
Natural void ratio e 0.84
Dry unit mass ρd (Mg/m3) 1.45
Natural degree of saturation Sr 0.46
Natural suction (HTC) (kPa) 40
Clay fraction (%  2 μm) 16
Plastic limit wp 19
Liquid limit wl 28
Plasticity index Ip 9
Carbonate content (%) 6

Figure 4. Collapse and compression tests performed.
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suction on the rebound elastic response. A gross 
yield stress of 55 kPa can be derived from step load-
ing test SL001, a value close to that obtained from 
test CRS003 (67 kPa, 0.059%/mn). Irreversible 
strain appears to start from the beginning in tests 
on samples at zero suction (CRS05, SL002), with 
little evidence of pre-yield pseudo-elastic behav-
iour. Both tests exhibit same unloading curves.

Tests SL003 and SL004 confirm the validity of 
Jennings & Knight’s double oedometer method 
and of the state surface concept of Matyas & 
Radhakrishna (1968), initially developed from 
data of compacted soils. The maximum collapse 
is observed under 30 kPa. Below, the unsaturated 
sample is less compressible than the saturated one 
(in agreement with one of the main assumptions 
of the BBM model, Alonso et al. 1990). This is no 
longer true above 30 kPa where the unsaturated 
sample is more compressible than the saturated 
one. This feature, described in Alonso et al. (1987) 
and observed by Sivakumar & Wheeler (2000), has 
been integrated in some constitutive models that 
account for the maximum of collapse (e.g. Josa 
et al. 1992, Georgiadis et al. 2008).

Suction changes during compression are small, 
like in compacted soils dry of optimum (Li 1995, 
Gens et al. 1995, Tarantino & De Col 2008). The 
collapse strain at 19 kPa (3.8%) is larger than at 
205 kPa (2.3%). Indeed, 19 kPa appears to be 
located just below the start of irreversible strains 
in the compression curve of tests SL004, SL001 
and CRS03 whereas compression up to 205 kPa 
produces a plastic strain of about 10%.

The constant water content curves progressively 
converge towards the “saturated” compression 
curve, as also shown in Figure 4 that compares 
both compression curves. The changes in collapse 
with vertical stress indicate a maximum collapse at 
30 kPa.

During compression at constant water content, 
the degrees of saturation increase from approxi-
mately 47% to 62% (Table 2) with no water expul-
sion. The small suction changes observed can be 
related to the low initial saturation of the samples. 
As observed in the scanning electron microscope 
observations performed on the same loess by 
Muñoz-Castelblanco et al. (2012) and presented 
in Figure 5, the largest pores of the loess are dry 
inter-grains pores (with an average entrance diam-
eter of 8 μm) located between clean silt grains of 
30 μm average diameter.

The clay fraction appears to be irregularly scat-
tered in the grains assembly, forming local aggre-
gates in which loess grains are embedded. Due to 
the low degrees of saturation, compression should 
only affect, like in soils compacted dry of optimum 
(Delage 2009), the largest dry pores while remain-
ing intact the clay/grain aggregates (that are very 

likely saturated at these low suction levels and that 
govern suction changes). So there is little impact 
of compression on suction, like in soils compacted 
dry of optimum (Li et al. 1995, Gens et al. 1995, 
Tarantino & De Col 2009).

Observation of the SEM photography suggests 
that the resistance of the microstructure should not 
be homogeneous based on the irregular position 
of existing clay aggregations between a metast-
able arrangement of silt grains. Clearly, collapse 
under wetting should occur by the densification of 
the areas where grains are clean with large pores 
around them. The zones in which the porosity is 
filled by clay aggregation should be more resistant 
and locally less sensitive to collapse.

Compression at constant water content affects 
a loose assembly of dry grains bonded together by 
hydrated carbonate links that are apparently sensi-
tive to changes in water content. In loess samples 
from the same deposit, preliminary mercury intru-
sion tests carried out before and after collapse (Cui 
et al., 2004, Delage et al., 2005) and more recent 
investigation of the loess microstructure (Muñoz-
Castelblanco et al., 2012) showed that collapse 
occurred in some large dry pores between clean 
grains. At any stress, collapse brings the represent-
ative point from the constant water compression 
curve down to the “saturated” compression curve.

4 CONCLUSIONS

Two aspects of the collapse behaviour of loess 
deposits from northern France were investigated. 
The effects of initial water content has been 
explored by running collapse upon wetting tests 
under a standard stress value 200 kPa on loess 
samples from Croisilles that have been put at vari-
ous initial water contents prior to compression.

Figure 5. SEM microstructure observation on intact 
Bapaume loess samples at initial intact state (Muñoz-
Castelblanco et al. 2012).
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The magnitude of the collapse settlement 
appeared to depend on the initial water content. 
Since all final points after soaking reached the “sat-
urated” compression curve as expected, the larger 
collapse observed in drier is due to the higher stiff-
ness of the drier samples that allows for a larger 
void ratio under any stress, resulting in a final 
larger collapse settlement under 200 kPa.

Since significant collapse can also occur under 
low stress as observed in the instabilities of shallow 
layers exposed to the atmosphere in Figure 2, the 
effect of applied stress on collapse has been exam-
ined on samples from the city of Bapaume. This 
effect is well illustrated by comparing the compres-
sion curves at constant natural water content and 
after saturation under low stress that evidence the 
existence of a maximum collapse. Indeed, signifi-
cant collapse can be observed under stress as low 
as 19 kPa, a value slightly larger than the in-situ 
vertical stress at 1 m depth (16 kPa).

This shows that the standard 200 kPa stress 
value under which collapse tests are carried out 
might not be relevant in some cases, since most 
collapse susceptibility could be erased by previous 
compression.

The microstructure of the loess appears to be 
heterogeneous with on the one hand some zones 
constituted of clean silt grains and large pores 
and on the other hand zones formed of silt grains 
aggregated by clay particles. Collapse occurs in 
the weakest zones and hence corresponds to some 
rearrangements in the looser zones made up of 
clean grains. The usual interpretation based on the 
weakening of clayey bridges by wetting is then not 
verified for the loess studied here.

Finally, the photos of Figure 2 can be further 
commented by adding that such impressive sink-
holes are likely due to the combined effects of 
drying and wetting, since it has been showed that 
significantly higher collapse occurred in drier 
conditions, with values as high as 7.5% in the dry 
state.
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ABSTRACT: The elastic behavior of unsaturated soils subjected to very small strains (smaller than 10−5) 
was studied in the past years using different experimental devices (mainly resonant columns). The bender 
elements technique, now extensively used in soil mechanics, offers an efficient alternative to measure elas-
tic properties of soils. Furthermore to enrich the common bender elements testing results providing only 
shear modulus values, an evolution of the bender elements technique, named bender-extender elements is 
presented here. The present study provides new results about the elastic properties of intermediate unsatu-
rated soils made of mixtures of sand and clay. The results in terms of elastic properties are presented as 
a function of the suction level.

independent elastic constants are determined on 
the same sample avoiding indirect estimations.

Most of the studies involving bender elements 
have been performed on purely frictional sands or 
soft cohesive soils (clays). The present study pro-
vides new results about the elastic properties of 
intermediate unsaturated soils made of mixtures 
of sand and clay, identified using the bender—
extender elements testing device.

The resulting values of elastic properties of 
intermediate compacted soils are presented taking 
into consideration the suction level into soil speci-
mens. Finally a model describing the elastic behav-
ior of these unsaturated soils is proposed.

2 TESTED SOILS

The tested compacted soils are reconstituted in 
the laboratory from different mixtures, defined 
by their weight percentage of Speswhite kaolin 
(SPW), and Missillac sand (MS). The index prop-
erties of the SPW clay are a liquid limit of 55.1%, 
a plastic limit of 32.3%, and a specific gravity Gs 
of 2.62, the specific gravity Gs of the sand fraction 
MS is 2.65. Figure 1 shows the grain size distribu-
tions of these soils.

1 INTRODUCTION

The identification of elastic parameters is an essen-
tial topic in geotechnical engineering. In particular 
in this paper, the elastic behavior of compacted soils 
subjected to very small strains (smaller than 10−5), 
currently involved in many geotechnical structures 
such as roads or railways, embankments, earth 
structures is investigated. Their serviceability is 
clearly determined by soil elastic properties which 
depend on the water content and suction level.

Small-strain stiffness of soils was studied in the 
past years using different experimental devices 
(mainly resonant columns but also local small 
strain devices). The bender elements technique 
nowadays extensively used in soil mechanics offers 
an efficient alternative even if  some shortcomings 
relative to interpretation methods remain ques-
tionable. The most common bender element device 
was developed by Shirley and Hampton (1977): it 
allows the propagation of shear waves, and then 
only the shear modulus G is directly measurable. 
An evolution of the bender elements technique, 
named bender-extender elements, was developed 
by Lings and Greening (2001). This device allows 
the simultaneous measurement of the shear and 
compression wave velocities. Consequently two 
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Three different mixtures of soils were studied. 
These mixtures fall in three different categories of 
soils according to the French Road Soil Classifi-
cation System (LCPC 1992) that is based mainly 
on the grain size distribution and on the Methyl-
ene blue absorption. In this system the soils are 
respectively classified as A3, B6 and B31, accord-
ing to AASHTO soils classification system these 
soils are ranked as A-7-5, A-1-a, and A-2-7 respec-
tively. In the following paragraphs the soils used in 
this study are designed as S1 for A3 or AASHTO 
A-7-5; S2 for B6 or AASHTO A-1; and S3 for B31 
or AASHTO A-2-7. The mass percentage of MS 
for each of these soils is 0% (S1), 65% (S2) and 
88% (S3); and the Methylene blue absorption val-
ues are 1.54, 1.21, and 1.11 g/100 g for the S1, S2, 
and S3, respectively.

Soil S3, which includes the smallest percent-
age of kaolin, has the highest dry maximum unit 
weight measured following the standard Proctor 
test (Figure 2) by comparison with S2 and S1.

2.1 Soil samples preparation 
and characteristics

Sand is sifted in different fractions whose maxi-
mum grain size is respectively 1 mm, 0.5 mm, 
0.2 mm and 80 μm. Fractions lower than 1 mm 
is then mixed in a 0.14 m3 concrete mixer to 
reconstitute the material, avoiding segregation. 
Kaolin is then added and mixed for three min-
utes to obtain a dry and homogeneous mixture. 
28%, 11% and 13% of water is added to obtain S1, 
S3 and S2 soils, respectively. The optimum Proc-
tor water contents are 29.2%, 11.5%, and 14.4% 
respectively.

The mixture is introduced into a 30 cm large 
and 40 cm high cylindrical container in three 

successive layers of about 10 cm each. The soil 
mass is then subjected to a compressive vertical 
stress (σv) using a pressure-controlled hydraulic 
actuator. The final vertical stress is equal to 2 MPa 
for S1 and 2.5 MPa for S2 and S3. The static com-
paction on specimens is applied for 10 minutes on 
each soil layer. After 10 minutes of compaction no 
additional settlement is measured. The obtained 
density is calculated classically as the ratio of the 
mass and the volume of the sample. These values 
allow obtaining a homogeneous material having 
a dry density close to the maximum Proctor den-
sity (Murillo et al. 2009a, 2009b). Four steel cores 
(10 cm in diameter, 20 cm long) are finally placed 
on the top surface of the compacted soil. Using a 
hydraulic actuator, the steel cores are fully driven 
in the soil mass. Finally, each core sample is taken 
out from the mould.

Table 1 summarizes the main characteristics 
of the samples: the water content, the dry density 
ρd and the initial void ratio ei are similar for each 
sample of the same compacted soil showing good 
homogeneity from the compaction procedure. 
Furthermore initial water content (or initial degree 
of saturation Sri) is approximately the same for 
the samples of each soil, except for S2, in order to 
examine the effect of the saturation degree. Sam-
ples of compacted soils are taken to measure their 
suction value using a pressure plate cell apparatus 
for soil S3 and a WP4-T chilled mirror apparatus 
for soils S1 and S2. The mean suction values of 
the three different soils are presented in Table 1, 
the matric suction of the samples cover a broad 
range from 60 kPa for soil S3 having 88% sand to 
8000 kPa for soil S1 having 100% of kaolin; soil 
S2 having 65% of sand was tested at two water 
contents: 11% and 15% corresponding to 1500 kPa 
and 300 kPa matric suction respectively.

Figure 1. Particle size distribution for Speswhite 
Kaolin (SPW or S1), Missilac Sand (MS) and mixtures 
S2 and S3.

Figure 2. Proctor test results.
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3 EXPERIMENTAL DEVICES

3.1 Bender-extender elements

A couple of piezo-ceramics transducers, called 
bender-extender elements (Figure 3), is used to 
measure both compression (P-waves) and shear 
(S-waves) waves. This device is extensively described 
in Lings and Greening (2001). The bender-extender 
elements withstand a relatively large range of con-
fining pressures, and they can be excited with dif-
ferent input signal frequencies and shapes.

The piezo-ceramics transducers are embedded 
into the top cap and the base of a triaxial compres-
sion test apparatus. The upper element is excited 
by an electrical pulse which initiates a shear wave 
through the specimen. On the other hand, com-
pression wave is generated upwards by the lower 
element. When each wave reaches the opposite ele-
ment, the mechanical movement is then converted 
into an electric signal. Both input and output sig-
nals are recorded.

Each sample is pressed on the lower element to 
maintain a perfect contact between the tested mate-
rial and the transducer. The upper element is also 
pressed onto the sample. As a result, both elements 
penetrate into the sample over a depth of 2.5 mm. 
Special attention is also given to the alignment and 
the position of the two elements for polarization 
and signals quality reasons. The cell pressure is 
controlled with a 2 MPa hydraulic actuator which 
has a total volume of 200 cm3.

During tests, the shape (sine, square) and the 
frequency (5, 6.7, 8.3, and 10 kHz) of the excita-
tion signal are imposed by the user through the 
software interface. The sampling rate is 105 sam-
ples per second (100 kHz), and the amplitude of 
the signal is ± 5 volts. Tests were carried out on 
samples having 10 cm diameter and 7 or 10 cm 
high. Records of wave propagation were performed 
for different confining pressures varying from 0 
(before filling the cell with water) to 500 kPa, along 
isotropic loading stress paths. The samples are pro-
tected from the confining fluid by a thin 0.5 mm 

thick latex membrane, adding a confining stress of 
0.3 kPa.

Variations of the sample height under pressure 
are assessed by an external gauge. Measurement 
errors are unavoidable because of the bedding 
effect and the compliance of the system (Scholey 
et al., 1995). The errors, however, remain small 
because of the specimen stiffness (approximately 
200 MN/m2 for the mean value of the shear modu-
lus). The size (diameter and height) and the mass 
of the specimens are initially carefully measured.

Assuming isotropy and homogeneity, the elas-
tic parameters characterizing the linear elastic 
behavior (E, G) are related to the wave velocities 
in the framework of the mechanics of continuous 
media:

G VsVVρ 2
 (1)

E
V

V V
s pVV s

p sV VV V
=

ρVV 2 2 2

2 2V

)VpV sVV2 24VpVV −2V

 
(2)

where Vs is the shear wave velocity, VP is the com-
pression wave velocity, and ρ is the density of the 
soil. The velocity of the waves is given by:

V
L
T

=
 

(3)

where L is the effective tip-to-tip distance between 
the two bender-extender elements, corrected to 
take into account the shortening of the sample 
during the test, in compliance with the recommen-
dations by Viggiani & Atkinson (1995), Jovičić 
et al. (1996), and Brignoli et al. (1996) and T is the 
wave travel time relative to the compression wave, 
Tp, or the shear wave, Ts.

The identification of TP is relatively easy since 
it corresponds to the time interval between the 

Table 1. Soil sample properties.

Soil w (%) ρd (gr/cm3) ei Sri (%)
ua – uw
kPa

S1 28.28 1.44 0.837 90 8000
28.32 1.46 0.815 92

S2 11.74 1.84 0.484 63 1500
15.5 1.81 0.487 85  300

S3 11.13 1.94 0.374 80   60
11.29 1.93 0.384 78

Figure 3. Bender extender elements.
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input signal initial point and the output signal 
first deviation, usually clear enough, even if  the 
amplitude of the P-wave is ten times lower than 
the amplitude of the shear wave.

Different methods can be used to identify the 
travel time of the shear wave Ts: (e.g., peak-to-peak 
time method, cross-correlation method).

According to Viggiani and Atkinson (1995), 
Lohani et al. (1999) and Kawaguchi et al. (2001), 
the travel time that corresponds to the peak-to 
peak distance between input and output signals 
might globally be wrong except for high frequency 
input signals. The difficulty to establish the peak in 
the output signal may generate errors mainly for 
square waves where no clear peak appears, particu-
larly at low frequencies, for which the wave period 
is large.

The cross-correlation method (Mancuso et al., 
1989, Viggiani and Atkinson 1995, Mohsin and 
Airey 2003) is a mathematical tool that provides a 
reliable indication on the similarity between the sig-
nals and on the degree of distortion. This method 
allows assessing the travel time of both shear and 
compression waves.

4 SHEAR AND YOUNG MODULI FOR 
UNSATURATED INTERMEDIATE SOILS

A critical review of the literature shows that the 
shear and Young moduli of unbound granular 
materials mainly depends on the void ratio e and 
on the effective principal stresses σ’1 and σ’3. For 
isotropic loading stress paths, the shear and Young 
moduli are expressed as a function of the void ratio 
and of the mean effective stress p’ or the confin-
ing effective stress σ’3 such as (Hardin & Richart, 
1963; Iwasaki & Tatsuoka, 1977; Biarez & Hicher, 
1994; Lo Presti et al., 1997):
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where KE, KG and n are material constants, fG,E(e) 
a function of the void ratio (Table 2) and Gref, Eref, 
σ’3,ref are parameters that normalizes the equations. 
As observed, the power n reported in literature, 
which characterizes the nature of grain-to-grain 
contacts, is close to 0.5. The deviation from the 
predictions of the Hertz’s theory (n = 1/3) can be 
explained by the nature of the contacts, not nec-
essarily punctual (Dano and Hicher 2002). For 
cohesive and frictional soils, the cementation of 

particles also makes the power n to decrease, up to 
0 if  the cementation is strong.

For the intermediate unsaturated materials 
used in this study, the variation of Young and 
shear moduli as a function of the confining stress 
depends on the sand fraction (or clay content) and 
on the suction as follows: (i) the higher the percent-
age of sand is, the higher shear and compression 
wave velocities are. Furthermore, sandy soils are 
more pressure sensitive than pure clay: indeed, 
when a binder like clay or cement-type materials 
is added to the granular skeleton, the contact area 
between the grains increases and the effect of the 
pressure is softened (Chang and Woods 1987); 
(ii) On the other hand it is well-known that matrix 
suction has an effect on the shear wave velocity 
(Wu et al., 1984), even in the drying-wetting process 
(Xu et al., 2008).

The shear and Young moduli measured reveal 
that for unsaturated intermediate materials, there 
is non-null moduli for zero confining stress. This 
effect is related to capillary forces present in these 
materials. However this result is in disagreement 
with equations 4 and 5 for which zero moduli are 
expected for zero confining stress. To reproduce 
the effect of  suction, equations 4 and 5 could 
be modified in two ways: (i) using a generalized 
effective stress analysis (Fleureau et al., 2003), 
or (ii) consider the suction effect on the modu-
lus at zero stress, and the effect of  confining net 
stress separately (Caicedo et al., 2009). The sec-
ond approach is used in this paper due to the 
difficulties in the definition of  effective stresses 
in unsaturated soils. Then to describe the varia-
tion of  Young and shear moduli of  intermediate 
unsaturated soils the following two power laws 
can be used:
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Table 2. Relations between G, E, e and σ’3.

Reference Modulus n Ff(e) Comments

Hardin & 
Richart 
(1963)

G 0.5 (2.17 − e)2/
(1 + e)

Rounded 
grains

Iwasaki & 
Tatsuoka 
(1977)

G 0.4 Cu < 1.8

Biarez & 
Hicher 
(1994)

G, E 0.5 1/e All soils

Lo Presti 
et al. (1997)

G 0.45 1/e1.3 Sands
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where E0σ3, G0σ3 are the moduli for zero confining 
stress.

Equation 6 leads present good agreement with 
experimental values as shows in Figure 4. This fit-
ting permits obtaining the moduli for zero confin-
ing stress for all tests, these moduli are presented in 
Figure 5 that represents the Young and shear mod-
uli for zero confining vertical stress, E0σ3, G0σ3 (nor-
malized to e = 0.45 using the equations suggested 
by Iwasaki & Tatsuoka (1977) for shear modulus 
and Biarez & Hicher (1994) for Young modulus) as 
a function of suction, (ua − uw). As described, the 
moduli for zero total stress grows up as the suction 
increases. In fact, for zero total stress the stiffness 
of the material appears as a result of the capillary 
forces acting on the contacts between granular par-

ticles. These results agree with the results presented 
by Fleureau et al. (2003), and Caicedo et al. (2009). 
Figure 5 also shows that for zero suction, Young 
and shear moduli for zero confining stress goes to 
zero; this value agree with equations 4 and 5. On 
the other hand, when suction increases, the modu-
lus at zero confining stress trends to a maximum 
asymptotic value. This behavior can be described 
using the following hyperbolic equations:

G
u u
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G Gbb a w
0GG

3σ3
=
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u u

a b
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Figures 6 and 7 show the evolution of the com-
ponent of shear and Young modulus that vary 
with the confining net stress, (Ee = 0.45 − E0σ3, and 
Ge = 0.45 − G0σ3 vs. σ3 − ua). Table 3 shows the values 

Figure 4. Shear modulus vs net confining stress fitted 
using equation 8.

Figure 5. Relationship between the modulus E0σ3, G0σ3, 
and suction.

Figure 6. Relationship between the component 
Ee = 0.45 – E0σ3

 of Young modulus vs confining net stress 
σ3 – ua.

Figure 7. Relationship between the component 
Ge = 0.45 – G0σ3

 of shear modulus vs confining net stress 
σ3 – ua.
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of the constants used to fit the experimental results 
in to equations 10, and 11. The results of the expo-
nent n vary between 0.43 and 0.49 for all the soils 
of this study, and for either Young or shear mod-
uli; these values are similar than those presented 
in Table 4 corresponding to saturated unbound 
soils. This last result confirms that equations 4 and 
5 can be used for intermediate unsaturated soils 
but only to describe the effect of the net confining 
stress separately of the modulus for zero confining 
stress.
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As observed in Table 3, exponent n is similar 
for all the soils studied, however the constant K in 
equations 10 and 11 depends on the type of soil 
and suction value.

Figures 8 and 9 show the evolution of Young 
and Shear modulus vs suction and confining net 
stress, these figures show how equations 10 and 
11 describe the different growing rate of modulus 
when either the suction or the net confining stress 
remain constant.

5 SUMMARY AND CONCLUSIONS

Wave propagation velocities are experimentally 
determined for S1, S2 and S3 soils subjected to iso-
tropic stresses. The statically reconstituted samples 
tested, which are both cohesive and frictional, are 
mixtures of kaolin SPW and Missillac sand, which 
represent a subgrade material.

The results of the Young and shear moduli have 
been interpreted in the framework of unsaturated 
soils, for zero net confining stress, non null Young 
and shear moduli appears as a result of the suction 
pressure for all the soils that is in contradiction 
with the power law used to describe the evolution 

of these modulus as a function of the confining 
stress. Due to the difficulties in the definition of 
generalized effective stress law for unsaturated soils 
two relations are proposed to describe the evolu-
tion of Young and shear modulus in compacted 

Table 3. Constants used in equations 10 and 11.

Soil

Shear modulus kPa Young Modulus kPa

aG bG f(e) KG n aE bE f(e) KE n

S1 0.99 3 10−3 (2.17 − e)2/(1 + e)  8.3 0.48 0.28 1 10−3 1/e  38.3 0.48
S2 (w = 11%) 43.3 0.43  79.9 0.46
S2 (w = 15%)  7.0 0.49  18.5 0.48
S3 55.07 0.49 180.8 0.48

Figure 8. Young modulus vs confining net stress σ3 – ua 
and suction ua  – uw for soil S2.

Figure 9. Shear modulus vs confining net stress σ3 – ua 
and suction ua – uw for soil S2.
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intermediate soils. With these laws the Young and 
shear modulus grow depending on the increase 
in suction and the increase in the confining net 
stress separately. Using this description the expo-
nent of the power law for unsaturated soils fall in 
similar values than the exponent characteristic of 
the power law used for saturated soils in effective 
stress, however more tests are required to elucidate 
the variation of parameters KG and KE for different 
soils and conditions.
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Evaluation of soil matric suction, microstructure and its influence 
on collapsible behavior

J. Ramos & Y. Valencia
National University of Colombia, Medellín

ABSTRACT: This paper examines the role of microstructure and matric suction in the collapse behav-
ior of residual soils, were carried out a series of physical classification tests,the microstructure of the 
specimens was examined by Scanning Electron Microscope (SEM), and the ASTM Filter Paper Method 
was used to determine their matric suction; Results evidenced that the collapse phenomenon is linked to 
breaking open the soil microstructure showing grains of quartz bound together by clays (kaolinite) or 
oxides and hydroxides of iron or aluminum (hematite, gibbsite) and the sharp reduction on matric suc-
tion during wetting of the sample which affects the stability of the slopes, furthermore some trend was 
observed for collapsible and non-collapsible soils in water retention curve.

Most residual soil exhibit high suctions for most 
of the year. The absence of positive pore water 
pressure except immediately after rain makes con-
ventional soil mechanics for saturated soil not so 
relevant. In particular, the effective stress theories 
of saturated soil are not applicable at the practical 
level.

1.1 Theorical framework

A general partial differential equation to describe 
the one-dimensional consolidation of an unsatu-
rated soil [Fredlund and Hasan, 1978] can be 
rewritten for a collapsible soil [Tadepalli and 
Fredlund, 1991] as follows,
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where:

 uw = pore-water pressure.
 Cv

w =  coefficient of consolidation with respect to 
the water phase.

 y = vertical Cartesian coordinate.
 t = time.

The constitutive relations for unsaturated soils 
can be used to predict the volume change of a 
collapsible soil during inundation. The equation 

1 INTRODUCTION

Residual soils occur in most countries of the world 
but the greater areas and depths are normally found 
in tropical humid areas. In these places, the residual 
soil (also known as tropical residual soils) forming 
processes are still very active and the weathering 
development is much faster than the erosive fac-
tor. The origin, formation and occurrence of tropi-
cal residual soils have been described in detail by 
[Singh and Huat, 2004].

Deep groundwater condition is not unusual in 
tropical residual soils especially within steep slopes. 
Soils above the groundwater are certainly unsatu-
rated, hence negative pore water pressure also 
known as matric suction plays an important role 
in controlling the shear strength and consequently 
the stability of many steep slopes.

Ignorance or lack of  understanding of  the 
geotechnical behavior of  soil in the partially or 
unsaturated state has caused a lot of  damages 
to infrastructures, buildings and other struc-
tures. For instances, the collapsibility and volume 
change of  partially saturated soils in connection 
with the drying or wetting causes a lot of  dam-
age in foundation, roads and other structures. It 
is also observed that many shallow slope failures 
involve a slumping (collapse) type of  failure. As 
such, the development of  extended soil mechanics, 
which embraces the soil in the unsaturated state or 
subjected to soil suction, is essential as detailed by 
Azlan et al.
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can be written as follows [Tadelli and Fredlund, 
1991].

dV
V

m dwVV s
w

0VV 2= m d( )uw−
 

(2)

where:

 dVv = change in total volume.
 Vo = initial volume of the soil.
 d(−uw) = change in pore water pressure.
 M2

s =  coefficient of total volume change with 
respect to a change in matric suction at 
a constant net normal stress.

As we can appreciate the equation, the collapse 
phenomenon is primarily related to the reduction 
of the matric suction during inundation, matric 
suction is one of the two stress-state variables that 
control the behavior of an unsaturated soil; there 
is a one-to-one relationship between matric suction 
and total volume change for a soil exhibiting col-
lapse behavior during inundation.

Factors influencing collapse behavior of unsatu-
rated soils include water content, degree of satura-
tion, relative compaction and particle size [Olsen 
and Langfelder, 1965; Krahn and Fredlund, 1972; 
Houston et al., 1994; Rao and Revanasiddappa, 
2000]. Besides the above mentioned factors, the 
microstructure is expected to influence soil col-
lapse and also matric suction of unsaturated soils 
as it determines the relative abundance of differ-
ent types of pores (large, small, etc.), soil collapse 
is referred to high porous media, and presence of 
clay minerals and iron oxide.

The arrangement and bonding that occur 
between micro-structure units determines the rela-
tive abundance of macropores and micropores in 

an undisturbed soil. Visual illustration of micro-
structure features of an undisturbed is presented 
by the scanning electron microscope (SEM) in 
Fig. 1.

2 MATERIAL AND TEST METHODS

2.1 Collection and data properties of specimens

Undisturbed soil specimens were collected from 
different locations for collapsible and non-collaps-
ible behavior to determine the influence that soil 
structure and soil suction on collapsible phenom-
enon, the laboratory data obtained was processed, 
details the in-situ properties of the undisturbed 
soil specimens from the locations are displayed 
later.

2.2 Soil suction measurement

The ASTM Filter Paper Method (ASTM 
D5928-94 Standard Test Method for Measure-
ment of Soil Suction) determined the matric suc-
tion of the undisturbed and remolded specimens 
in the unsaturated state.

The in-contact filter paper technique is used 
for measuring matric suction of soils. Direct con-
tact between the filter paper and the soil allows 
water in the liquid phase and solutes to exchange 
freely. [Fredlund et al., 1995], In the in-contact fil-
ter paper technique, water content of an initially 
dry filter paper increases due to a flow of water in 
liquid form from the soil to the filter paper until 
both come into equilibrium. Therefore, a good 
contact between the filter paper and the soil has 
to be established. After equilibrium is established 
between the filter paper and soil, the water content 
of the filter paper is measured. Then, by using the 
appropriate filter paper calibration curve, the suc-
tion of the soil is estimated.

2.3 Index properties

Index property tests such as grain size distribu-
tion and Atterberg limit tests were performed on 

Figure 1. SEM showing micro-structure of undisturbed 
red soil sample: (1) inter-granular contact, (2) sand parti-
cle, (3) macropore, (4) clay aggregate. (Sudhakar). Figure 2. Suction Test Scheme.
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representative soils collected from the test pits. 
Two laboratory tests are commonly used to deter-
mine the grain size distribution of  soils, namely 
the sieve analysis and hydrometer test. The sieve 
analysis determines the grain size distribution 
of  particles larger than 75 Am (gravel and sand 
termed as coarse-grained soils). Hydrometer 
analysis gives insight in the distribution of  finer 
particles (silts and clays termed as finegrained 
soils). Natural soils almost always contain a vari-
ety of  particle sizes mixed together. The Atter-
berg limits assess the plasticity of  a soil and its 
consistency at various moisture contents. The 
commonly performed Atterberg limits tests are 
the liquid limit test and the plastic limit test. 
The liquid limit (LL) of  a soil represents the 
water content at which a soil transits from liq-
uid to plastic state. The plastic limit (PL) of  a 
soil represents the water content at which a soil 
transits from plastic to semi-solid state. Plasticity 
index (PI) defined as the difference between liq-
uid limit and plastic limit represents the range of 
water content in which the soil is plastic, i.e., can 
be easily molded without cracking or breaking. 
Soils with large clay content remain plastic over a 
wide range of  water content and thus have large 
plasticity index. The plasticity index is important 
in classifying finegrained soils based on Casa-
grande’s plasticity chart.

2.4 Soil structure analysis

A scanning electron microscope (SEM) is a type of 
electron microscope that images a sample by scan-
ning it with a beam of electrons in a raster scan 
pattern. The electrons interact with the atoms that 
make up the sample producing signals that contain 
information about the sample’s surface structure, 
composition, and other properties such as electrical 
conductivity.

One of the newer and most promising quali-
tative methods for studying and, where possible 
quantifying, the arrangements of aggregations/
particles and voids in unsaturated soils is the envi-
ronmental scanning electron microscopy (SEM). 
SEM is a special type of scanning electron micro-
scope that works under controlled environmental 
conditions and requires no conductive coating on 
the specimen. This makes it possible to examine 
wet samples and to preserve their natural char-
acteristics for further testing, A schematic cross 
section of the equipment is shown in Fig. 3. As 
observed in the figure, the sample chamber is at 
a higher pressure (absolute pressure up to 3 kPa) 
and separated from the increasing vacuum regions 
by the pressure-limiting apertures.

It is expected that vacuum will not diffuse 
from one level to another through the small holes 
bored in the aperture discs, allowing maintaining 
a very good vacuum in the electron gun (10–5 Pa) 
as shown in the figure and a poor vacuum in the 
specimen chamber.

2.5 Double oedometer collapse test

The quantification of volume change occurs when 
soil undergoes collapse is obtained from oedome-
ter test. Once the geotechnical engineer recognizes 
the possibility of collapsible soils is present, this 
mainly done depending on the density and con-
sistency limits measurements [Lutenegger & Saber 
1988].

Two identical samples are placed in oedom-
eters; one tested at in-situ natural moisture con-
tent, and the other is fully saturated before the 
test begins, and then subjected to identical load-

Figure 3. Schematic cross section of an SEM (Danilatos 
1993).

Table 1. Index properties of soil samples.

Location

Index Properties
In-Situ Moisture 
(%)LL IP

Barbosa1 38 2 19
Barbosa2 28 6 22
Barbosa3 34 5 25
Marinilla 46 12 18
Caldas 77 22 48
Santa Elena 64 12 44
Santuario 39 2 18
Medellín 55 NP 19
Brasil* – – –
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ing. Two stress versus strain curves are generated. 
The difference between the compression curves is 
the amount of  deformation that would occur at 
any stress level at which the soil get saturated. An 
idealized view of  double oedometer test is shown 
in figure 4. Critical stress (σcr) represents the 
stress level at which the dry sample loose struc-
ture breaks down and beyond it the two curves 
converge. This behavior could be explained also 
by that at high stress level, the limiting void ratio 
for the saturated sample is approached for parti-
cles packing. It is common for natural soil that 
the initial void ratio of  the two samples are not 
initiating from the same point; in this case adjust-
ment of  the two curves according to the proce-
dure proposed by [Jennings, J. E. and Knight, 
1975] shall be adopted.

3 RESULTS AND DISCUSSIONS

3.1 Soil structure analysis

As [Bishop and Blight 1963] postulate we can 
appreciate that collapse is due to wetting induced 
reduction in strength of clay bridges existing 
between unweathered grains in an open structure 
below existing applied stress.

Soil structure and X-Ray diffraction show-
ing grains of quartz bound together by clays 
(kaolinite) or oxides and hydroxides of iron or 
aluminum (hematite, gibbsite) and the sharp 
reduction on matric suction during wetting of the 
sample which affects the stability of the slopes, 
furthermore some trend was observed for collaps-
ible and non-collapsible soils in water retention 
curve, it is now understood that collapse produced 
by a system of macropeds deforming to displace 

air from a network of inter aggregate pores, and 
is strongly related to the relative abundance of the 
different pore sizes within a soil matrix [Rao & 
Revanasiddappa, 2006].

Figure 4. Typical collapse potential test result.
Figure 5. Results from SEM (Barbosa).

Figure 6. Results from SEM (Santa Elena).

Figure 7. Results from SEM (Marinilla).
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3.2 Soil collapse analysis

The deflection under each load was appreciated 
along with the matric suction values. An impor-
tant change in matric suction was commonly 
observed during the loadings during inundation. 
The soil specimens was left in the inundated con-
dition for 24 hours for each change of  load. Most 
of  collapse occurred in the first few minutes after 
inundation, that would explain the general objec-
tive of  this paper that relate the first deflection 
of  the soil retention curve on with the collapse 
behavior, soil specimens that do not have dou-
ble oedometer test was classified by [Luteneg-
ger and Saber 1988] methodology that relate the 
liquid limit and natural dry density with collapse 
potential.

3.3 Soil suction analysis

Collapsible and Non-collapsible soil curves were 
plotted,the suction curves of collapsible soils tend 
to have more deflection than non-collapsible early, 
plus these have a residual behavior, while non-
collapsible note is achieved without a marked as 
asymptotic trend.

4 CONCLUSIONS

– Differences in matric suctions and pore-size dis-
tributions of (a) undisturbed residual soil speci-
mens from the same location, (b) undisturbed 
residual soil specimens from different locations 
and imply that the micro-structure has a major 
influence on the matric suction of the residual 
soil specimens in the undisturbed and remolded 
conditions.

– In traditional soil mechanics theory an increase 
in effective stress results in a volume decrease. 
Conversely, an effective stress decrease results 
in a volume increase. For a soil with a collaps-

ible structure this does not necessarily hold 
true.

– Micro-structure determines the relative abun-
dance of different types of pores in a soil. SEM 
results indicated that the pore-size distribution 
of the undisturbed and residual soil specimens 
has bi-modal character. Based on the findings 
of the earlier researchers as Sudhakar, it is 
inferred that the large pore mode contributes 
to the inter-aggregate porosity constituted by 
the macropores. The small pore mode contrib-
utes to the intra-aggregate porosity constituted 
by the micropores. The matrix suction of the 
undisturbed residual soil specimens is greatly 
influenced by the relative abundance of the 
interaggregate porosity and intra-aggregate 
porosity suggested by the matrix suction results 
of the residual soil specimens in the undisturbed 
conditions.

– Collapsible and Non-collapsible soils show a 
trend in characteristic curve, this indicate that 
exist some relationship between soil suction 
curve shape and collapse behavior. The micro-
structure has an important role because the 
types and sizes of pore determine the interag-
gregate soil.
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An experimental study on the stiffness of a lime-treated clayey soil

A.M. Tang, M.N. Vu & Y.J. Cui
Ecole des Ponts ParisTech, Marne-la-Vallée, France

ABSTRACT: The present work investigates the stiffness of a compacted lime-treated clayey soil using 
bender elements. The studied soil was sieved through various target maximum grain size (Dmax), humidi-
fied to reach the target water contents wi, then mixed with 3% of quick lime powder prior to static com-
paction at a dry density of 1.60 Mg/m3. Two initial water contents and four maximal grain sizes were 
accounted for. The soil stiffness was then monitored in variable time intervals until reaching stabilization. 
Afterwards, the soil specimen was subjected to full saturation followed by air-drying to come back to its 
initial water content. The results show that the soil stiffness after lime-treatment is significantly dependent 
on the aggregates size. The wetting-drying cycles seem to slightly increase the soil stiffness in the case of 
lime-treated specimens and decrease the soil stiffness in the case of untreated specimens.

that the hydraulic conductivity measured on the 
specimens prepared in laboratory was one order of 
magnitude lower than that of undisturbed samples 
taken from the field. Cuisinier & Deneele (2008) 
performed suction-controlled oedometer tests on 
soil samples taken from an embankment 3 years 
after the construction. They also performed the 
same tests on untreated soil and treated specimens 
prepared in the laboratory. The results show that 
the swelling potential of the lime-treated samples 
taken from the field is significantly larger than that 
prepared in the laboratory but still remains lower 
than that of the untreated samples. They attributed 
this loss of stabilization efficiency in field condi-
tions to the effects of drying-wetting cycles related 
to climatic changes. The impact of cyclic wetting/
drying on swelling properties of lime-stabilized 
clays was also investigated by Rao et al. (2001), 
Guney et al. (2007) and Khattab et al. (2007) show-
ing the reduction of the efficiency of lime treat-
ment with wetting-drying cycles.

One of the main reasons for the difference 
between lime-treated soil samples prepared in the 
laboratory and the treated soil samples taken from 
the field could be the difference in aggregates size. 
Indeed, prior to compaction in the laboratory, the 
soil is usually sieved at a few millimeters and then 
mixed with lime. On the contrary, in the field, the 
dimension of clay clods may reach several centim-
eters before the treatment.

The present work aims at investigating the effects 
of grains size on the efficiency of lime treatment. 
For this purpose, air-dried soils were grounded 
and sieved at 4 values of passing dimension (0.4, 
1, 2, and 5 mm) prior to lime-treatment and com-
paction. The shear moduli of soil specimens were 

1 INTRODUCTION

Lime treatment is a well-known technique in civil 
engineering applications such as road construction, 
embankments, slab foundations and piles. Adding 
lime to clayey soils leads to various reactions such 
as cation exchange, flocculation, carbonation and 
pozzolanic reaction (Boardman et al., 2001). These 
reactions give rise to improvement of their hydro-
mechanical properties. Indeed, the treatment 
reduces the swelling potential (Tonoz et al., 2003, 
Al-Rawas et al., 2005), increases the shear strength 
(Bell 1996, Osinubi & Nwaiwu 2006, Sivapullaiah 
et al., 2006, Consoli et al., 2009), increases the elas-
tic modulus (Bell 1996, Rogers et al., 2006, Sakr 
et al., 2009), modifies the compaction properties 
(Bell 1996, Osinubi & Nwaiwu 2006, Consoli et al., 
2009). The water retention properties of clays can 
be also modified by the lime treatment (Clare & 
Cruchley 1957). Microstructural investigations on 
lime-treated clays show that the treatment changes 
the soil fabric significantly (Cai et al., 2006, Russo 
et al., 2007, Shi et al., 2007, Le Runigo et al., 2009, 
Sakr et al., 2009). Moreover, the above studies have 
shown equally that the effects of lime treatment 
depend on lime content, soil water content, soil 
type, curing time, temperature, stress state, etc.

Even though numerous studies have been per-
formed to analyze the effect of lime treatment, 
almost all works have involved soil specimens pre-
pared in laboratory conditions. Investigations of 
the lime-treated soil specimens taken from the field 
still remain rare. Bozbey & Guler (2006) investi-
gated the feasibility of using a lime-treated silty 
soil as landfill liner material by conducting tests 
on both laboratory and field scales. They found 
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monitored using the bender element method. 
When reaching the stabilization of the shear mod-
uli, wetting-drying cycles were applied in order to 
investigate the weathering effects.

2 SOIL STUDIED AND EXPERIMENTAL 
TECHNIQUES

The soil used in this study is a soil taken at a site 
near Tours, a city in central France. Its main geo-
technical properties are shown in Table 1. The clay 
fraction (<2 μm) is about 26%. After sampling, 
the soil was air-dried, ground and finally passed 
through one of the four target sieve sizes (0.5, 1.0, 
2.0, and 5.0 mm). The remained soil was ground 
again and passed though the sieve until the entire 
soil mass passed though the target sieve. The soil 
was then humidified by spraying distilled water 
to reach the target moisture content and sealed in 
plastic box for at least 48 h for moisture content 
homogenization. For each sieve size, two water 
contents were considered: 14% and 18%. Prior to 
compaction, the moist soil and lime were thor-
oughly mixed and then poured in a cylinder mould 
of 50 mm in diameter. Static compaction was then 
carried out to a dry density of 1.6 Mg/m3 with a 
final height of the soil specimen of 50 mm. After 
the compaction, the soil specimen was taken out 
of the mould and then wrapped by plastic film 
in order to prevent from any moisture exchange 
between soil and atmosphere.

The bender elements technique was used to mon-
itor the shear modulus. The experimental set-up is 
shown in Figure 1. The soil specimen was put in 
contact with two bender elements: the transmitter 

one embedded on the top base and the receiver one 
embedded on the bottom base. Both bender ele-
ments were connected to a control and data logging 
system. When performing a measurement, a trig-
gered sinusoidal signal was sent to the transmitter; 
the response of the receiver was recorded. The travel 
time (Δt) of the shear wave can be then determined. 
Considering the travel length, l, which is equal to 
the specimen height (50 mm) minus the protrusions 
of the bender transmitter and receiver into the soil 
specimen (2 mm), the shear wave velocity can be 
then calculated as follows: Vs = l/Δt. The soil density 
(ρ) was verified after each measurement by weigh-
ing the soil specimen, and it was used for the deter-
mination of the small strain shear modulus, Gmax, as 
follows: Gmax = ρVs

2. This experimental technique is 
similar to that recently used by Puppala et al. (2006) 
when monitoring the shear modulus of chemically 
treated sulfate-bearing expansive soils.

The cyclic wetting/drying was applied according 
to the following procedure. When the stabilization 
of Gmax after treatment was reached, the soil speci-
men was first wetted. Water was added to the soil 
specimen carefully using a sprayer and the weight 
of the specimen was monitored. A water content 
of 21% (corresponding to a degree of saturation 
Sr = 82%) was chosen. Actually, at this water con-
tent, adding more water on the upper surface of 
the soil specimen would lead to water drainage 
from its lower surface; this value of water con-
tent correspond therefore to the maximum value 
that the soil specimen can retain. After reaching 
the target water content, the soil specimen was 
wrapped again by plastic film and let for at least 
24 h for moisture homogenization prior to the Gmax 
measurements. For the drying, the plastic film was 
removed and the soil was air-dried until the target 
water content was reached. Afterwards, the soil 
specimen was wrapped again by plastic film and 
let for at least 24 h.

To sum up, the following parameters were con-
sidered in this study: 2 molding water contents 
(14 and 18%); 4 maximum grain diameters (0.5, 
1, 2, and 5 mm). In each case, both treated and 
untreated specimens were tested. Moreover for 
each test, 3 identical specimens were investigated 
for replicate. That corresponds to 48 soil specimens 
in total.

3 EXPERIMENTAL RESULTS

After compaction, the small strain modulus Gmax 
was monitored in order to follow its changes versus 
time. In Figure 2, the mean value of Gmax (meas-
ured on 3 identical specimens) is plotted versus 
time for the soil passed through 0.4 mm sieve. Just 
after the compaction, Gmax of  untreated specimens 

Table 1. Geotechnical properties of soil studied.

Properties Value

Liquid limit, wL (%) 45
Plastic limit, wP (%) 21
Plasticity index, Ip (%) 24
Value of blue of methylene,VBS 4.86
Carbonates content (%) 0.35
Specific gravity, GS 2.70

Figure 1. Experimental set-up.
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was equal 65 MPa for an initial water content 
wi = 14% and 44 MPa for an initial water content 
wi = 18%. The values increased slightly with time 
and stabilized after 100 h at 73 MPa and 50 MPa, 
respectively. In the case of treated specimens, Gmax 
was equal 108 MPa for wi = 14% and 80 MPa for 
wi = 18%. Comparison with the values of untreated 
specimens shows that the lime-treatment has a sig-
nificant effect on Gmax just after the compaction. 
With time Gmax increased also and stabilized after 
200 h at 121 MPa for wi = 14% and 122 MPa for 
wi = 18%. The increase was more significant in the 
case of higher water content (wi = 18%). Interest-
ingly, the stabilized Gmax value has been found to be 
similar for both water contents.

Similar observation can be made from the results 
of soil passed through other sieves: i) an immediate 
effect of lime-treatment after compaction, charac-
terized by a significant increase of Gmax; ii) a slight 
increase of Gmax with time for untreated specimens; 
iii) an increase of Gmax with time for treated speci-
mens especially in the case of higher water content 
(wi = 18%); iv) stabilization of Gmax about 200 h 
after the treatment, with similar final values for 
both water contents.

In order to analyze the effect of maximum grain 
size Dmax on Gmax, the mean final values of Gmax and 
the error bars (measured on 3 identical specimens) 
are shown in Figure 3 versus Dmax. For the treated 
soil compacted at wi = 14% (Fig. 3a), Gmax was 
found to be decreasing with Dmax, the highest value 
is 120 MPa for Dmax = 0.4 mm and the lowest value 
is 103 MPa for Dmax = 5.0 mm. Similar observa-
tion can be made for the treated soil compacted at 
wi = 18% (Fig. 3b): the higher the maximum grain 

size the lower the value of Gmax. For the untreated 
specimens, the effects of Dmax on Gmax were not sig-
nificant for the wetter specimen (wi = 18%). For 
the drier specimen (wi = 14%), the curve shows a 
decrease of Gmax followed by an increase with the 
lowest value at Dmax = 2 mm.

Cyclic wetting/drying was carried out by con-
trolling the water content of the soil specimen. In 
Figure 4, Gmax is presented versus elapsed time for 
the soil passed through 0.4-mm sieve. The corre-
sponding water content at each measurement is 
also added. The starting points (t = 0) correspond 
to the last points shown in Figure 2. At the initial 
water content wi = 14% (the corresponding degree 
of saturation is Sr = 55%), the initial value of Gmax 
was equal to 73 MPa (Fig. 4a) for the untreated 
specimen. Wetting to a water content of 21% 
(Sr = 82%) decreased Gmax to 28 MPa. The sub-
sequent drying to the water content of 14% 
(at t = 100 h) increased Gmax to 50 MPa. Cracks 
were observed after the subsequent wetting/drying 
path that explains the decreases of Gmax.

For the specimen treated at the initial water con-
tent of 14% (Fig. 4a), wetting to a water content of 
21% decreased slightly Gmax from 121 to 114 MPa. 

Figure 2. Small-strain shear modulus versus time after 
compaction. (for Gmax = 0.4 mm).

Figure 3. Small-strain shear modulus after stabilization 
versus maximum diameter.
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Nevertheless, when this high value of water content 
was maintained, Gmax was increasing and reached 
127 MPa after 100 h. The subsequent wetting and 
drying only induced slight decrease and increase of 
Gmax. For the last drying stage (at t = 580 h), the 
water content was reduced to 11%, lower than the 
initial value. This more intensive drying resulted in 
a significant decrease of Gmax when the soil was wet-
ted again to a water content of 21%: Gmax decreased 
from 134 to 97 MPa. This can be explained by the 
apparition of micro-cracks observed on the soil 
specimens.

For the soil specimen compacted at the ini-
tial water content of 18%, micro-cracks appeared 
on the untreated specimens after 3 wetting/dry-
ing cycles, leading to a decrease of Gmax to zero 
(Fig. 4b). For the treated specimens, the phenomena 
observed were similar to that of 14% water content: 
i) a slight increase after the first wetting; ii) small 
changes upon cyclic wetting/drying; iii) after an 
intensive drying with the water content decreased 
to 11%, the subsequent wetting resulted in a drastic 
decrease due to appearance of micro-cracks.

For the others values of Dmax, it was equally 
observed that the untreated specimens compacted 
at a drier state (initial water content of 14%) 
showed a decrease of Gmax to 0 after 3 wetting/
drying cycles. It is however not the case for the 
untreated specimens compacted at a wetter state 
(initial water content of 18%) except the specimens 
having Dmax = 0.4 mm. Indeed, for these specimens, 
cyclic variations were observed with wetting-drying 
cycles. For the lime-treated specimens, wetting-

drying cycles only induced a small decrease and 
increase of Gmax. These changes become significant 
only when wetting the soil after an intensive dry-
ing, up to a water content of 11%. In addition, the 
effect of this intensive drying seems to be more sig-
nificant for the drier specimen (initial water content 
of 14%). The effect of Dmax upon cyclic wetting/
drying has been found to be not significant since 
the behavior of the soil specimens having different 
values of Dmax was quite similar. More details on 
these results can be found in Tang et al. (2011).

4 DISCUSSION

The bender elements method is usually used to 
monitor changes in shear wave velocity in triaxial 
cell under confining conditions. In this case, good 
contact between the bender elements and the soil 
specimen can be ensured (Leong et al., 2009, Ng 
et al., 2009). Application of this method is much 
more difficult in the case of the present study 
where the evolution of Gmax needs to be monitored 
during several days and on a large number of soil 
specimens; it was not realistic to use one triax-
ial cell for each specimen. For this reason, in the 
present work, the bender elements were put in con-
tact with the soil specimen only during the meas-
urement. In addition, no confining pressure was 
applied. In order to minimize the test errors, three 
specimens were tested for each parameter studied. 
The results showed the good repeatability of the 
procedure used (see error bars in Fig. 3). Note that 
Puppala et al. (2006) used equally this technique to 
study the changes of Gmax with time for chemically 
stabilized sulfate-bearing cohesive soils.

The changes of Gmax of  compacted soil specimens 
were monitored until reaching the stabilization. 
A slight increase of Gmax with time was observed for 
the untreated specimens. This can be explained by 
the aging effects of compacted clay soils. Indeed, 
Delage et al. (2006) observed significant changes 
in microstructure of a compacted expansive soil 
after compaction. They explained these changes 
as follows: after the compaction, water situated 
in the inter-aggregate porosity is absorbed to the 
intra-aggregate porosity, giving rise to increase 
of the intra-aggregate porosity. Tang et al. (2008) 
also observed this phenomenon characterized by 
a slight increase of soil suction after compaction. 
The effect of suction on Gmax was also evidenced 
in the present study: untreated soil compacted at 
lower water content (higher suction) has a higher 
Gmax. This is in agreement with the observation by 
Sawangsuriya et al. (2008).

For the treated soil specimens, Gmax obtained 
just after the compaction has been found to be 

Figure 4. Changes in small-strain shear modulus upon 
cyclic wetting/drying for Dmax = 0.4 mm (the correspond-
ing water content is given above each point).
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significantly higher than that of untreated soil 
specimens having the same molding water content. 
The values of Gmax of  treated specimens are com-
prised between 80 and 130 MPa. Rogers et al. (2006) 
performed cyclic triaxial tests and obtained equally 
a resilient modulus of 80–140 MPa for a compacted 
clay treated with 2.5% of lime. The increase of Gmax 
with lime-treatment can be explained partly by the 
decrease of water content after treatment. That 
increases the soil suction and as a consequence 
increases the value of Gmax. A second explana-
tion is related to the various reactions within the 
treated soil such as cation exchange, flocculation, 
carbonation and pozzolanic reactions. These reac-
tions are probably more significant at a wetter state 
with more water supply For this reason, the results 
showed more significant increase of Gmax with time 
for the wetter specimens (wi = 18%, see Fig. 2).

As far as the effect of the maximum grain size 
(Dmax) is concerned, the results of the treated speci-
mens showed a lower value of Gmax for a larger 
value of Dmax. This effect was not observed for the 
untreated specimens. Actually, for a smaller Dmax, 
the total surface of aggregates was larger; and 
therefore more soil-lime reaction can be expected. 
Note that this observation on the effect of maxi-
mum grain size is of importance from a practical 
point of view. Indeed, laboratory tests are usually 
performed on small grain size (less than few mil-
limeters) while the grain size of clay aggregates in 
the field may reach several centimeters. As a con-
sequence, particular attention should be paid when 
using the parameters determined in laboratory for 
field application design.

The effects of cyclic wetting/drying on Gmax were 
investigated in this study. It has been observed 
that wetting induced a decrease and drying 
induced an increase of Gmax. This phenomenon 
can be explained by the effect of suction: wetting 
decreased the soil suction thus the soil stiffness 
while drying increase the soil suction thus the soil 
stiffness. The same phenomenon was observed by 
Ng et al. (2009) when performing measurements of 
Gmax in a suction-controlled triaxial cell. Compari-
son between the treated specimens and untreated 
specimens shows that the effect of suction change 
on Gmax of  treated specimen is less significant than 
that of untreated specimen. This shows that lime-
treatment reinforces the soil and makes it less sen-
sitive to suction changes.

For the untreated specimens, it has been 
observed that wetting/drying cycles resulted in a 
decrease of Gmax, especially for drier specimens. 
That can be explained by the creation of micro-
cracks by cyclic wetting/drying under unconfined 
conditions (Yesiller et al., 2000). In the work of 
Ng et al. (2009), as the tests were performed under 

confined conditions the creation of micro-cracks 
was avoided. For the treated specimens, the first 
wetting path equally induced a decrease of Gmax. 
Nevertheless, after this decrease, the value of Gmax 
increased slightly. The immediate decrease of Gmax 
can be explained by the effect of suction, while 
the subsequent increase of Gmax after wetting can 
be attributed to the onset of various reactions by 
water addition. This explains why Kavak & Akyarh 
(2006) recommended watering the lime-treated soil 
1 week after the treatment.

5 CONCLUSION

The small strain shear modulus Gmax of  a com-
pacted lime-treated clayey soil was investigated 
using bender elements. The following conclusions 
can be drawn:

1) The lime treatment increases significantly Gmax. 
For the two molding water contents considered, 
Gmax obtained after the stabilization (about 200 
h after the treatment) has been found to be inde-
pendent of the molding water content.

2) For the four maximal grain sizes Dmax considered, 
it has been observed that the larger the value of 
Dmax the lower the value of Gmax. This conclu-
sion is of importance from a practical point of 
view for earthworks involving lime-treated soil. 
Indeed, the results obtained show that designing 
earthworks based on the parameters determined 
from laboratory tests can be misleading, because 
Dmax of the soil tested in laboratory is usually less 
than few millimeters while Dmax of clay aggre-
gates in the field may reach several centimeters.

3) Cyclic wetting/drying induced significant 
decrease of Gmax of  untreated specimens, due to 
the appearance of micro-cracks. Only an inten-
sive drying to water content much lower than 
the initial one can induce micro-cracks and thus 
decrease of Gmax.

4) For the treated specimens, only the first wetting 
induced a decrease of Gmax. And on the contrary 
the subsequent cycles induced a slight increase 
of Gmax. If  the decrease due to wetting can be 
explained by the suction effect, the slight increase 
by further wetting-drying cycle should be attrib-
uted to the onset of various physico-chemical 
reactions within the soil by water addition.
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ABSTRACT: The paper describes the results of an experimental research aimed at studying the effects 
of relative humidity cycling on the degradation phenomena of two clayey rocks from North-East Spain, 
with particular emphasis on peak shear strength, low-strain stiffness and water permeability. Undisturbed 
samples were subjected to an extreme relative humidity cycle (between 15% and 99%) using the vapour 
transfer technique, before performing triaxial compression and water permeability tests. Rock stiffness 
was evaluated by ultrasonic pulse tests. Test results showed clear differences in stiffness and shear strength 
response between undisturbed and degraded samples, highlighting the relevance of hydraulically induced 
degradation phenomena on this type of materials.

2 TESTED MATERIALS AND 
EXPERIMENTAL PROGRAM

Rocks tested in this work were obtained from two 
slopes located in two national roads at Idiazabal 
(IM-18) and Ormaiztegui (OM-9) sites in the 
North-East Spain (Guipuzkoa). It is interesting 
to note that similar stability problems have been 
reported during last decades despite both slopes 
are so far each other. Representative undisturbed 
samples where used to carried out a preliminary 
study aimed to evaluate the degradation poten-
tial of both materials. Rocks tested corresponds 
to argillites from the Upper Cretaceous period 
mainly composed by (Martinez-Bofill et al., 2011): 
quartz (OM-9:27%; IM-18:29%), clayey fraction 
(50%; 60%) being the illite-moscovite the predomi-
nant clayey mineral. The percentage of carbonates 
was around 20% (OM-9) and 9% (IM-18). From 
characterization tests (clayey fraction) liquid limit 
and plasticity index showed similar values in both 
cases (27% and 13%, respectively) whereas density 
of solids was around 2.78 Mg/m3.

Triaxial samples (38 × 76 mm) were obtained by 
dry-coring to minimize alteration induced by liquid 
water. Even so, only ten undisturbed samples (five 
from each slope) could be obtained for triaxial test-
ing. Table 1 shows the main properties of tested 
samples. It can be seen the lower natural gravimet-
ric water content and initial void ratio as well as the 
higher initial degree of saturation of the specimens.

1 RELATIVE HUMIDITY SENSITIVITY 
OF CLAYEY ROCKS

One of the key features of clayey rocks is the 
enhancement of their water sensitivity when exca-
vated and exposed to the environment such as in 
slopes, tunnels and excavations. The irreversible 
consequences of their exposure to relative humidity 
changes have been recognized and studied by sev-
eral authors (see e.g., Vales et al., 2004, Alonso & 
Pineda 2006, Cardoso 2009, Picarelli & DiMaio 
2010, Martinez-Bofill et al., 2011, Pineda 2012, to 
name a few). If  chemical processes are not involved, 
the mineralogical composition, anisotropy, the 
current stress level as well as the specific hydrau-
lic path applied has been recognized to control the 
degradation process of clayey rocks (Pineda 2012). 
In the case of slopes, for instance, the face of the 
slope is continuously exposed to environmental 
seasons (including raining periods). It may leads 
to fast degradation at the surface when extreme 
suction changes take place. However, the maxi-
mum depth of the weathering front will depend on 
factors described above because they control the 
evolution of the hydro-mechanical properties of 
the rock during relative humidity cycling.

In this paper, the dependency of the hydrome-
chanical properties of two clayey rocks (strength, 
stiffness and permeability) to relative humidity 
cycling is evaluated. The increase of rock degrada-
tion when using liquid water is also analyzed.
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2.1 Relative humidity cycling test

Rock degradation was induced by applying a rela-
tive humidity cycle (wetting-drying) on undisturbed 
specimens via vapour transfer technique. Distilled 
water inside a desiccator was used to apply the wet-
ting path (RH ≈ 99%) whereas drying was applied 
using saturated lithium chloride solution (LiCl, 
RH ≈ 15%). Relative humidity and temperature 
measurements were continuously monitored using 
a digital hygrometer placed inside the desiccator. 
During both wetting and drying paths, a continu-
ous record of sample total density evolution was 
made using volume and mass measurements.

The evolution of the rock stiffness during relative 
humidity cycling was tracked by means of small-
strain Young modulus measurements. E0, under 
unstressed conditions, was determined by measur-
ing longitudinal wave velocities, VL, using an ultra-
sonic pulse device (V-Meter®). This device is used 
to determine the travel time (tp) of a high frequency 
(54 kHz) and high voltage compression wave travel-
ling alongside the sample axis. Longitudinal wave 
velocity and Young modulus were determined as:

l
t

E VLVV
pt LVVE= ; ρVV 2

 
(1)

being l and ρ the sample height and total density, 
respectively.

2.2 Triaxial compression tests

Saturated triaxial compression tests were carried 
out on both undisturbed and degraded (after 
hydraulic cycling) specimens. Three stages were 
applied in each test: (i) saturation, (ii) consolidation, 
and (iii) shearing. Samples were saturated under 
total net stresses, p, between 100–500 kPa whereas 
back pressure, uw, varied between 50–150 kPa. Dur-
ing this process, the top drainage line was main-
tained open to the atmosphere. Both p and uw were 
maintained at least for three days. Water perme-
ability, kw, was determined during the last 24 hours 

of saturation, by assuming steady state conditions, 
through the Darcy’s law as: kw = q/(i.A), with q 
being the outflow of water, A the cross section of 
the sample and i the hydraulic gradient applied. 
Afterwards, the top drainage line was closed to the 
atmosphere and the same water back-pressure was 
applied on both top and bottom during consolida-
tion process. Consolidation stage was maintained 
during three additional days. Finally, each sample 
was subjected to shearing at drained conditions 
until reach the failure of the samples. Back-pres-
sure was maintained at both top and bottom of 
the samples during shearing. A strain rate equal to 
1 × 10−5%/min was used in all tests.

3 HYDRO-MECHANICAL PROPERTIES 
OF UNDISTURBED MATERIALS

Five samples were used to determine the hydro- 
mechanical properties of undisturbed materials 
(three from IM-18 and two from OM-9). Two 
different responses were obtained for the outflow 
water volume registered during the last 24h of 
saturation process. For samples from IM-18 the 
water flux (between 0.088 and 0.096 mm3/min) 
was around 2 orders of magnitude lower com-
pared with samples from OM-9 (between 0.202 
and 4.98 mm3/min). Water permeability ranged 
around 10−11 m/s (IM-18) whereas kw ranged 
between 10−11/10−10 m/s for samples from OM-9. 
Table 2 includes the final states of the specimens at 
the end of saturation.

Figure 1 shows the stress-strain curves obtained 
during shearing stage. Higher stiffness as well as 
peak deviatoric stress was observed for samples 
from OM-9. Tangent modulus, ETAN, obtained for 
the linear part of the stress-strain curve (typically 
between 0.2–0.6% of axial strain) ranged between 
2350–2600 MPa and between 1400–1560 MPa for 
specimens from OM-9 and IM-18, respectively. 
This behavior may be attributed to the high car-
bonate content (mainly CaCO3) of samples from 
OM-9 (around 20%).

A linear failure criterion was assumed to deter-
mine the peak envelops as observed in Figure 2. 
The peak stress ratio q/p’ was equal to 2.42 and 

Table 1. Initial properties of tested samples.

Samples wo (%) ρd (Mg/m3) eo (−) Sr (−)

IM-18_S1 2.11 2.62 0.062 0.95
IM-18_S2 2.12 2.61 0.063 0.94
IM-18_S3 2.12 2.61 0.063 0.94
IM-18_S4 2.12 2.62 0.063 0.94
IM-18_S5 2.11 2.62 0.061 0.96
OM-9_S1 1.78 2.64 0.052 0.95
OM-9_S2 1.78 2.65 0.051 0.97
OM-9_S3 1.50 2.67 0.042 0.99
OM-9_S4 1.79 2.64 0.052 0.96
OM-9_S5 1.79 2.65 0.051 0.97

Table 2. Permeability measurements and consolidation.

Samples
p’ 
(kPa)

wo 
(%)

ρd 
(Mg/m3)

eo 
(–)

kw 
(m/s)

IM-18_S1  50 2.90 2.57 0.080 –
IM-18_S2 250 3.00 2.57 0.083 2.2 × 10−10

IM-18_S3 400 2.90 2.57 0.081 1.0 × 10−11

OM-9_S1  50 2.39 2.61 0.067 4.6 × 10−11

OM-9_S2 150 2.38 2.61 0.066 3.7 × 10−10

CAICEDO.indb   342CAICEDO.indb   342 12/27/2012   4:59:58 PM12/27/2012   4:59:58 PM



343

2.23 whereas cohesion intercepts were 2800 and 
1400 kPa for OM-9 and IM-18, respectively. Thus, 
effective friction angles, φ’, ranged from 59 and 54° 
whereas effective cohesion, c’, varied between 1970 
and 870 kPa.

4 RELATIVE HUMIDITY CYCLING AND 
HYDROMECHANICAL PROPERTIES 
OF DEGRADED MATERIALS

Five samples were subjected to relative humidity 
cycling under unstressed conditions (two from 
IM-18 and three from OM-9). The vapour transfer 
technique was used to induce extreme changes in 
relative humidity from around 99% (using distilled 
water, ψ ≈ 1.5 MPa) to 15% (Lithium chloride, 
LiCl, ψ ≈ 256 Mpa). Figure 3 shows the temporal 
evolution of gravimetric water content and volu-
metric strain during the application of the rela-
tive humidity cycle (path A-B). Relative humidity 
measurements obtained using a digital hygrometer 
has been also included in this figure. Gravimetric 
water content increased from around 2.17 to 2.65% 
for samples from IM-18 whereas a smaller increase 
was obtained for samples from OM-9 (from 1.79 
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Figure 3. Temporal evolution of w and εv during RH 
cycling.

to around 2.05%). The small variation in gravimet-
ric water content was in agreement with the high 
initial degree of saturation of the samples. Despite 
of that, wetting was maintained during 120 days 
until obtain the equilibrium in both water content 
and volumetric strains. Hydraulic equilibrium was 
observed after around 100 days of wetting. Dry-
ing reduced the gravimetric water content towards 
1.75% and 1.15% for samples from IM-18 and 
OM-9, respectively. Drying was more efficient 
(in time) to reach the hydraulic equilibrium so it 
was maintained only during 60 days.

The average volumetric strain obtained at the 
end of wetting varied between –1% and –0.70% for 
samples from IM-18 and OM-9, respectively. Dry-
ing induced volumetric shrinkage in all samples. It 
leads to final average volumetric strains (compres-
sion) around 0.10% and 0.25%,  especttively. Thus, 
a small net volumetric shrinkage took place after 
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RH cycling. As observed in Figure 4, two different 
fissuring patterns (i.e., rock degradation) came into 
view during drying which indicates different aniso-
tropic responses. For OM-9, a set of parallel fissures 
were observed following a dip of around 45°. In the 
case of samples from IM-18 both horizontal and 
vertical fissures formed a “quadrilateral” net of fis-
sures. Higher fissuring degree was observed in sam-
ples from IM-18 which is consistent with the lower 
CaCO3 content (around 9%). Table 3 shows values 
of w, e and Sr obtained at the end of drying.

The evolution of Young modulus during hydrau-
lic cycling is showed in wwwwwwwure 5 as a func-
tion of the relative humidity applied. Degradation 
of Young modulus, E/E0, was higher for samples 
from IM-18. It is worth noting the important 
decreasing in E0 modulus observed during wetting 
(between 30–55%) despite the high initial degree of 
saturation of tested.

Table 3. Final conditions at the end of drying.

Samples
wf 
(%)

ρdf 
(Mg/m3)

ef 
(–)

Sr 
(–) E/E0

IM-18_S4 1.62 2.61 0.065 0.69 0.65
IM-18_S5 1.61 2.62 0.060 0.74 0.57
OM-9_S3 0.85 2.67 0.040 0.59 0.72
OM-9_S4 1.15 2.65 0.050 0.64 0.74
OM-9_S5 1.08 2.66 0.044 0.68 0.73

Figure 4. Fissuring patterns developed during RH cycling.
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Table 4. Volumetric properties of degraded samples 
before triaxial tests.

Samples
w 
(%)

ρd 
(Mg/m3)

e 
(–)

Sr 
(–)

IM-18_S4 2.25 2.59 0.068 0.92
IM-18_S5 2.27 2.58 0.071 0.89
OM-9_S3 1.60 2.64 0.050 0.89
OM-9_S4 1.90 2.62 0.058 0.91
OM-9_S5 1.80 2.63 0.055 0.91

Drying increased rock stiffness though the 
undisturbed value was not recovered in any case. 
For samples from IM-18, E/E0 reduced to 0.55 
at the end of wetting. Young modulus increased 
around 0.65 during drying due to the influence of 
total suction. For OM-9, E/E0 reduced to 0.70 dur-
ing wetting and then a smaller increase (up to 0.75) 
was observed at the end of drying.

The irreversible stiffness reduction observed for 
both materials but in particular for samples from 
IM-18 was in agreement with the important loss of 
mass continuity (fissuring) and the lower CaCO3 
content described above. Values of E/E0 obtained 
at the end of drying have been also included in 
Table 3.

After hydraulic cycling, each sample was re-
saturated via vapour transfer (RH = 99%) before 
to place inside the triaxial apparatus. This stage 
was carried out to avoid high suction gradients 
inside the specimens leading to additional fissur-
ing (if  liquid water is used). Samples were left to 
wet until reach a water content similar to the initial 
value (Sr > 0.89). It took typically 30 days. During 
this process volume changes were not measured to 
avoid sample damage and only the final states could 
be registered (see Table 4). Then, each sample was 
saturated and consolidated inside the triaxial appa-
ratus under mean effective stresses between 50 and 
350 kPa. Water permeability for degraded speci-
mens was evaluated only in two samples (one for 
each type of rock) under p’ = 50 kPa (p = 100 kPa 
and uw = 50 kPa). The registered water flux increased 
around one order of magnitude for samples from 
OM-9 (36.7 mm3/min). On the other hand, such 
increase was around two orders of magnitude for 
samples from IM-18 (442 mm3/min). Thus, water 
permeability for degraded samples was equal to 
8.2 × 10−9 m/s (OM-9) and 1 × 10−7 m/s (IM-18), 
respectively. The comparison with permeability 
values obtained for undisturbed specimens showed 
an irreversible increase in rock permeability which 
is attributed to the application of the previous 
relative humidity cycle. Such increase was around 
one order of magnitude for samples from OM-9 
whereas for samples from IM-18 kw increased up 
to three orders of magnitude. Water content and 
void ratio obtained at the end of saturation stage 
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were around wf ≈ 3.08%, ef ≈ 0.085 (OM-9) and 
wf ≈ 3.51%, ef ≈ 0.1 (IM-18), respectively.

Figure 6 shows the stress-strain curves obtained 
during shearing stage for degraded specimens. 
Again, samples from OM-9 showed a higher stiff-
ness and peak deviatoric stress compared with 
IM-18 specimens. However, such differences 
smaller if  compared with undisturbed materi-
als. The comparison showed the strong reduction 
of peak deviatoric stress after the application of 
the hydraulic cycling. It was accompanied by an 
increase in the axial strain at peak. The maximum 
qpeak for degraded materials was around 4000 kPa 
compared with 17000 kPa obtained for undisturbed 
specimens. Tangent modulus, ETAN, obtained for 
the linear part of the stress-strain curve, ranged 
between 460–565 MPa (OM-9) and between 380–
415 MPa (IM-18), respectively. It means a reduc-
tion between 3–4 times in rock stiffness induced by 
the previous hydraulic cycling.

Figure 7 shows the peak strength envelops for 
both undisturbed and degraded materials (assum-
ing a linear failure criterion in all cases). Resid-
ual envelope, obtained from ring shear tests on 
remoulded material has been also included for 
comparison. The same residual conditions were 
obtained for both materials which suggest similar 
intrinsic properties (at fully degraded state). It is 
worth noting that peak conditions for degraded 
materials (both OM-9 and IM-18) were defined 
by the same linear failure envelope. For degraded 
specimens the stress ratio q/p’ was equal to 1.64 
whereas cohesion intercept was around 1100 kPa. 
It corresponds to an effective friction angle, φ’, 
equal to 40° and effective cohesion, c’, of 564 kPa. 
A drop in friction angle around 14° took place as 
a consequence of the previous relative humidity 
cycling. It suggests that a similar degradation path 
could be followed by both rocks irrespective differ-
ences observed at undisturbed state.

5 DISCUSSION

Despite the few experimental data, previous results 
suggest that the application of relative humidity cycles 
tend to similar degradation states in both materials, or 
at least to follow a similar degradation path irrespec-
tive of their different initial states. The most relevant 
aspects observed from the experimental study pre-
sented in this paper can be summarized as follows:

• under undisturbed (saturated) state, specimens 
from OM-9 showed higher peak stress, and rock 
stiffness (ETAN). Effective cohesion was also 
higher for OM-9 specimens whereas similar fric-
tion angles were observed for both rocks;

• kw (undisturbed varied between 10−10 and 10−11 m/s) 
in both materials;

• RH cycling induced smaller volumetric changes 
for samples from OM-9 (at the end of drying). 
Rock stiffness showed an irreversible reduction 
in both materials although it was more evident 
for samples from IM-18;

• kw (degraded) increased up to four orders of 
magnitude for samples from IM-18 (suggesting 
large degradation)

• at degraded (saturated) state, both materials 
showed an important reduction in qpeak and rock 
stiffness (ETAN). This behavior was more impor-
tant for specimens from OM-9 (suggesting large 
degradation during shearing may be induced 
by debonding). This way, both materials tended 
towards a “unique” strength envelope.

From the above there is not completely clear why 
specimens from OM-9 experienced higher degra-
dation during shearing, in terms of qpeak and ETAN, 
taking into account they showed lesser volumetric 
changes and lower stiffness degradation during RH 
cycling. This behavior is attributed to the increase of 

0 0.4 0.8 1.2 1.6 2

Axial strain, εa (%)

0

500

1000

1500

2000

2500

3000

3500

4000

D
ev

ia
to

ric
 s

tr
es

s,
 q

 (
kP

a)

IM-18
p' = 50kPa
p' = 350kPa

OM-9
p' = 50kPa
p' = 150kPa
p' = 350kPa

ETAN=563MPa

ETAN=500MPa

ETAN=375MPa

ETAN=450MPa

ETAN=405MPa

Figure 6. Stress-strain curves for degraded materials.

0 1000 2000 3000 4000 5000 6000
Mean effective stress, p' (kPa)

0

2000

4000

6000

8000

10000

12000

14000

16000

18000

D
ev

ia
to

ric
 s

tr
es

s,
 q

 (
kP

a)

Undisturbed IM-18
Undisturbed OM-9
Degraded IM-18
Degraded OM-9

Residual strength (φ'=18º)

qpeak=2.42p'+2800

qpeak=2.23p'+1400

qpeak=1.64p'+1100

Figure 7. Peak strength envelopes for degraded and 
undisturbed specimens.

CAICEDO.indb   345CAICEDO.indb   345 12/27/2012   5:00:01 PM12/27/2012   5:00:01 PM



346

the rock sensitivity to liquid water after RH cycling 
which was fully displayed during shearing for 
samples from OM-9. New opened fissures, induced 
during RH cycling, are an easy way for liquid water 
flow that leads to the softening of the rock and 
increases their maximum water retention capacity 
(wsat). Thus, high permeability would be expected 
for high fissures samples (as observed for specimens 
from IM-18).

Figure 8 shows the volumetric paths followed by 
two specimens (undisturbed and degraded) from 
OM-9 and IM-18. For undisturbed specimens, satu-
ration was performed directly in the triaxial appara-
tus, i.e., only liquid water was used during path A-1. 
In this case, peak envelopes were determined for sam-
ples located at point 1. The stress state for samples 
from OM-9 showed lower values for both w and e. 
Therefore, higher peak stress and rock stiffness reg-
istered could be expected for those specimens.

Samples subjected to wetting via vapour transfer 
(path A-B) reached their maximum water retention 
capacity at lower values (vertical dotted lines) com-
pared with saturated samples using liquid water. 
Irreversible volume changes and stiffness reduc-
tion took place during RH cycling, path B-C, 
where higher degradation was registered for samples 

from IM-18. Then, samples were re-saturated using 
vapour transfer (path C-D). At that point (unsatu-
rated), samples were fully saturated inside the tri-
axial apparatus using liquid water (path D-E). 
Re-saturation using liquid water induced additional 
volumetric swelling but also an increase in the max-
imum water retention capacity in both materials. 
A higher increase in water permeability was 
observed for IM18 due to the large fissuring devel-
oped during RH cycling. Peak strength envelopes 
were determined at point E which was located so 
far from point 1. The distance 1-E, specifically the 
increment in void ratio Δe, could give a measured of 
the induced degradation in each material. Neverthe-
less, there is not included the additional degradation 
induced during shearing which seems to be related 
with a debonding process (as observed for OM-9) 
activated by the previous hydraulic process.

6 CONCLUSIONS

The behavior of two clayey rocks from the North-
East Spain has been studied in this paper. Prelimi-
nary results obtained from triaxial tests showed a 
strong dependency of hydro-mechanical properties 
(permeability, stiffness and strength) to the appli-
cation of RH cycles. The influence of using liquid 
water on the induced degradation was enhanced 
when previously RH cycling were applied. It seemed 
to leads to follow similar degradation paths.
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Laboratory experiments on swelling due to crystal growth 
in sulphate argillaceous rocks
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I.R. Berdugo
Department of Civil and Environmental Engineering, Universidad del Norte, Barranquilla, Colombia

ABSTRACT: Crystal growth is a frequent cause of expansive deformations in natural soils, compacted 
soils, rocks and concrete. The sulphate crystallization in discontinuities and cracks due to evaporation of 
highly mineralized solutions can contribute in an important way to displacements and swelling pressures 
that usually appear in tunnels and deep foundations in argillaceous rocks. The present work is aimed to study 
the basic mechanisms that control the hydrated sulphate mineral growth in anhydritic-gypsiferous argil-
laceous rocks due to the evaporation of groundwater. The paper presents some laboratory works including 
mineralogical and micro-structural analysis, as well as the design and development of new free swelling 
tests which were developed focusing on the capacity to discern the role carried out by the geochemical 
properties of the water, the main environmental variables and the degree of cracking on undisturbed sul-
phate argillaceous samples from different zones of the Lower Ebro Basin (Catalonia, Spain).

be consequence of both environmental conditions 
and dissolution of anhydrite.

The paper describes a new swelling test designed 
to take into account conditions related to environ-
mental conditions and chemical composition of 
groundwater, which were no represented in swell-
ing tests developed before. Some samples from the 
east margin of the Tertiary Lower Ebro Basin were 
tested in varying conditions and detailed geologi-
cal characterizations of samples before and after 
tests were also carried out.

2 SWELLING IN SULPHATE 
ARGILLACEOUS ROCKS

Since the early experimental studies of swelling in 
sulphate argillaceous rocks, a theory was assumed 
to explain both swelling pressures and swelling 
strains. It is based on two uncoupled mechanisms 
that occur when the rocks are soaked. The first is a 
short term physical swelling due to the clay matrix 
expansion. The second is a long term chemical 
swelling due to the transformation of anhydrite 
into gypsum in a reversible reaction conditioned 
by temperature, salt concentration in water and the 
open character of the system. In an open system, 
the theoretical volumetric increase is about 63%. 

1 INTRODUCTION

Sulphate argillaceous rocks manifest high mechan-
ical competences in undisturbed state, but when 
subjected to unload processes or when exposed 
to atmospheric agents often exhibit important 
degradation and large swelling pressures that 
occur during a large period of time without signs 
of attenuation. Some examples of this behavior 
can be found in several tunnels and deep founda-
tions excavated in anhydritic-gypsiferous rocks in 
Central Europe. These cases have been studied by 
Kovári & Descoeudres (2001), Amstad & Kovári 
(2001) and Wittke (2006), among others.

Some severe swelling problems have been stud-
ied recently in tunnels excavated in sulphate argil-
laceous rocks from the Tertiary Lower Ebro Basin, 
in the northeastern Spain. These cases have been 
deeply studied by Alonso et al. (2004), Berdugo 
(2007), Deu (2008), among others.

Swelling in sulphate argillaceous rocks is a com-
plex phenomenon in which key factors are not 
deeply defined. Sulphate mineral crystal growth 
in open discontinuities due to evaporation of 
groundwater can contribute to explain large dis-
placements and high swelling pressures recorded in 
both field observations and laboratory tests. The 
supersaturation in sulphates of groundwater could 
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A swelling pressure is generated if  the volumetric 
increase is totally o partially inhibited. This classic 
interpretation is shown in Figure 1.

A detailed discussion regarding swelling tests 
on anhydritic-gypsiferous clayey materials from 
the Lower Ebro Basin and Germanic Basin—as 
well as on test results on expansive hard soils-soft 
rocks and inert materials-, is presented in Berdugo 
(2007). The dependence of anhydrite gypsification 
is also discussed. According to this author, gypsifi-
cation of anhydrite is not a reasonable explanation 
for swelling these materials. A new interpreta-
tion of swelling in sulphate argillaceous rocks is 
proposed by Berdugo (2007). It is suggested that 
precipitation of hydrated sulphate crystals in open 
discontinuities due to supersaturation of ground-
water could be a more realistic cause.

Supersaturation of groundwater can be induced 
by both evaporation of sulphate solutions and dis-
solution of anhydrite in the presence of gypsum. 
The precipitation of sulphate crystals in open dis-
continuities allows the generation of new fissures 
where neo-formations of crystals are able to pre-
cipitate, causing swelling. Following this interpre-
tation some factors must be taken into account in 
order to study the swelling phenomenon: satura-
tion conditions of groundwater regarding gypsum, 
environmental conditions that may induce vapor 
and water flow, mineralogical properties of argil-
laceous rocks and the presence of open disconti-
nuities in the rock, usually related to fissures and 
slickenside surfaces.

Nevertheless, this interpretation only explains 
part of the problem. According to Ramon & 
Alonso (2012), factors that lead to swelling phe-
nomena are not well known. Actually, the presence 

of sulphate formations does not always imply the 
development of swelling.

3 GEOLOGICAL SETTING

Triassic and Tertiary sulphate argillaceous rocks 
occur in extensive zones of the Iberian Peninsula. 
It is well known that anhydritic-gypsiferous rocks 
out-crop in 7.2% of the Spanish territory. Samples 
for this study were recovered from boreholes in 
two sites of the eastern margin of the Lower Ebro 
Basin: (1) Rajadell and (2) Lilla (see Figure 2). Both 
rocks are claystones containing anhydrite, gypsum 
and carbonates, interbedded with limestones and 
sand-stones.

A geological characterization of samples before 
and after free swelling tests was carried out. It was 
implemented in order to study mineralogy and 
micro-structure variations in samples as a result 
of test protocols. Studies included mineralogical 
quantitative analysis by means of X-ray diffraction 
analysis on both randomly and oriented aggregates. 
In addition, mineral phases and their relationships 
were studied in detail using petrographic protocols 
and electronic microscopy.

3.1 Rajadell claystone

Rajadell claystone contain a red clayey matrix with 
sulphate nodules and veins interbedded in vari-
able proportions. The mineralogical composition 
of the rock is summarized in Table 1. Slickenside 
surfaces were no detected in the rock massif. The 
occurrence of an anhydrite vein in the clayey host 
matrix is shown in Figure 3.

3.2 Lilla claystone

Lilla claystone has a sulphate crystalline fraction 
constituted basically by anhydrite and gypsum, 
in a porous host matrix constituted by not active 

Figure 1. Classic interpretation of swelling in sulphate 
argillaceous rocks (Alonso et al., 2007).

Figure 2. Location of Rajadell and Lilla claystones in 
the eastern margin of the Lower Ebro Basin.

CAICEDO.indb   348CAICEDO.indb   348 12/27/2012   5:00:01 PM12/27/2012   5:00:01 PM



349

phyllosilicates (paligorskite and illite), by minerals 
rich in magnesium and calcium (dolomite) and, to a 
lesser extent, by quartz. Expansive clayey minerals, 
particularly smectite, were only detected in isolated 
samples of the host matrix. A persistent system of 
low-angle slickenside surfaces was observed and 
associated with the regional tectonic events during 
Upper Eocene. The mineralogical composition of 
Lilla claystone is summarized in Table 2, and a 
detail of Lilla claystone is shown in Figure 4.

It is important to remark that while only some 
slight differences in the mineralogical composi-
tion of sulphate fraction and clayey matrix have 
been described, the presence of the deep system of 
slicken-side surfaces in Lilla claystone is the main 
geomechanical difference between both materials.

4 SWELLING TESTS

The expansive behavior of sulphate argillaceous 
rocks at laboratory scale has been studied in detail 
during decades. The Huder-Amberg oedometer 
test (1970), which initiates with a stage of loading-
unloading followed by swelling after soaking and 
swelling under load, is the referent in the Swiss and 
German practice.

However, Pimentel (2007) suggests that the main 
shortcoming of Huder-Amberg test is that the ini-
tial loading causes damage in the microstructure 
of samples, generating high swelling values as a 
result of imposed initial destructuration.

The interpretation of swelling phenomena in sul-
phate argillaceous rocks implies a great complexity, 
involving variables related to mineralogy and tectonic 
history of samples, as well as chemical composition 
of groundwater and environmental conditions. Fol-
lowing this idea, a new protocol is proposed for free 
swelling tests (unconfined state) in which hydraulic/
environmental boundary conditions can be control-
led. The protocol was developed focusing on the pos-
sibility to discern the rule carried out by main variables 
in the swelling phenomena. In this sense, an extensive 
mineralogical and micro-structural analysis is highly 
recommended before test. A simplified sketch of the 
new swelling test chamber is shown in Figure 5.

The chamber is divided by an impermeable 
membrane in order to establish two different envi-
ronments. A cylindrical sample is used in contact 
with both environments of the chamber and cov-
ered by a latex skin. In the bottom part the sample 
is soaked with a constant water level with a previ-
ously determined chemical composition. In addi-
tion, environmental conditions (relative humidity 
and temperature) in the upper part of the chamber 
are controlled by a constant vapor flow associated 
with a saturated hygroscopic solution. The sample 
is only confined by a low vertical load.

Table 1. Mineralogical composition of Rajadell claystone.

Mineral Relative content (%)

Dolomite 29
Quartz  5
Orthoclase  4
Anhydrite 18
Gypsum  1
Mica + Illite 37
Chlorite + Kaolinite  6

Figure 3. Anhydrite vein in the clayey host matrix of 
Rajadell claystone (x5 increases).

Table 2. Mineralogical composition of Lilla claystone.

Mineral Relative content (%)

Dolomite 11–13
Quartz  2–7
Anhydrite 13–28
Gypsum  1–7
Illite + Paligorskite 51–67

Figure 4. A detail of Lilla claystone illustrating the 
clayey host matrix and the sulphate fraction.
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In order to avoid relative humidity equilibrium in 
the chamber, and to induce vapor and water fluxes 
through the sample, the membrane must be imper-
meable. Suction values in the sample are modified 
by imposing variations in the relative humidity in 
the upper part of the chamber. In order to ensure 
that the vapor and water fluxes through the sam-
ple are upwards, the relative humidity imposed in 
the upper part should be lower that the relative 
humidity imposed by the soaking water. Thermo-
hygrometers and LVDT sensors are used in order 
to monitoring environmental conditions and swell-
ing strain during the test. The evaporation of the 
sulphate soaking water through the sample leads 
to supersaturation in hydrated sulphate minerals, 
which growth in open discontinuities. Therefore, 
new discontinuities are generated. The experimen-
tal setup of swelling tests is presented in Figure 6.

5 SWELLING TEST RESULTS

Free swelling tests under unconfined conditions 
were carried out on natural samples of Rajadell 
and Lilla claystones during more than 160 days. In 
the first case, a constant relative humidity of about 
75% was imposed during the entire test in the upper 
part of the chamber; so the suction in the sample 
remained almost constant. On the other hand, in 
the case of Lilla claystone variations in the rela-
tive humidity were imposed in order to evaluate the 
effect of this variable on the axial swelling rate. The 
summary of both protocols is presented in Table 3.

Rajadell sample was not affected by either axial 
or radial deformations after 170 days of test. The 
relative humidity in the upper part of the chamber 
was kept between 70% and 75% during the test, 
and the relative humidity imposed by the soaking 
water was around 88%. The evolution of swelling 
strain and relative humidity in both environments 
of the chamber are shown in Figure 7.

Test in Lilla calystone was carried out imposing 
three different values of relative humidity in the 
upper part of the chamber. In the first part of the 
test a relative humidity between 40% and 60% was 
imposed by the vapor transferred by a K2CO3 ⋅ 2H2O 
saturated solution. In the second part a high suction 
in the sample was induced by imposing a relative 
humidity of about 21%. A saturated solutions of 
CaCl2 ⋅ 6H2O was used in this case.

Finally, environmental conditions in the upper 
part were similar to the imposed in the soaking 
zone by the vapor transferred by a KCl saturated 
solution. Therefore, the suction value in the sam-
ple was reduced significantly. The soaking water 
imposed an almost constant relative humidity of 
about 94%. Although a swelling behavior through-
out the test was observed, some variations in axial 
swelling rate related to the difference in the rela-
tive humidity imposed by both soaking water and 
vapor transfer were observed. The evolution of 
swelling strain and relative humidity in both envi-
ronments of the chamber are shown in Figure 8.

Although mineralogical properties in both 
samples were similar, clear differences in swell-
ing behaviour were observed during the tests. As 
shown in Figure 8, swelling strain rate increases 
when suction in the sample is high (0,078 mm/day); 
and it reduces if  the imposed environmental con-
ditions approach to the conditions in the soaking 
zone (0,027 mm/day).

At the beginning large axial deformations were 
observed until a second phase, in which minor but 
constant deformations without any signs of decreas-
ing in time were recorded up to changes in environ-
mental conditions. The short term swelling may be 
considered as a result of the expansion of clays in the 
matrix, which has been observed in isolated samples 

Figure 5. Sketch of the swelling test chamber including 
hydraulic/environmental boundary conditions.

Figure 6. Experimental setup of the swelling test. The 
vapor flux in the upper part of the chamber induces a 
vapor flow through the sample.
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of the host matrix. During the second phase, which 
is controlled the by the vapor transfer, dry conditions 
in the upper part of the sample activate the swelling 
mechanisms. After 160 days of test, an axial swelling 
strain of about 13% was measured.

6 ANALYSIS AFTER SWELLING TEST

A study of samples after tests was carried out 
in order to evaluate variations in mineralogical 

composition and micro-structure due to soaking 
and swelling. The study included X-ray diffraction 
on both randomly and oriented aggregates, as well 
as petro-graphic and electronic microscopy in dif-
ferent parts of tested samples.

6.1 Rajadell claystone

Rajadell sample was not affected after 170 days of 
test. No volumetric deformations or variations in 
mineralogical properties were observed.

MgSO4 • 7H2O crystallizations in the surface of 
the soaked zone were detected, but epsomite crys-
tal growth was not observed at interstitial level of 
the sample. In addition, neither precipitations of 
hydrated sulphate mineral in open discontinuities 
nor generation of new fissures were observed.

6.2 Lilla claystone

Since the beginning of the test, swelling of Lilla clay-
stone was clearly detected and chemo-mechanical 
degradation of the sample was observed through-
out the test. A vertical swelling strain of about 
13% was registered by the LVDT, and large lateral 
deformations were measured.

The precipitation of hydrated sulphate minerals 
in open discontinuities, both in the soaked and the 
dried part of the sample was clearly observed. The 
appearance of the sample before and after the test 
is shown in Figure 9.

As shown in Figure 9, the sample was exten-
sively degraded during the test, ion particular 
where the clayey matrix was the principal com-
ponent. Growth of gypsum crystals due to the 
evaporation of soaked water and supersaturation 
in hydrated calcium sulphate were clearly observed 
in discontinuities. The precipitation of gypsum 
crystals caused the opening of new fissures, filled 

Table 3. Summary of protocols for free swelling tests on 
Rajadell and Lilla claystones.

Sample
Time 
(days)

Soaking water 
(bottom chamber)

Hygroscopic 
solution (upper 
chamber)

Rajadell 170 MgSO4 ⋅ 7H2O NaCl
Lilla 160 CaSO4 ⋅ 2H2O K2CO3 ⋅ 2H2O 
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Figure 9. Appearance of Lilla claystone before and 
after swelling test.
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by new gypsum crystals and generating new ones. 
Electronic microscopy images make it possible to 
visualize the degradation of the sample and neo-
formation of gypsum crystals in open discontinui-
ties. A gypsum crystal filling a neo-formed fissure 
is shown in Figure 10.

7 CONCLUSIONS

Evidences presented in the paper reveal that swell-
ing induced by crystal growth in sulphate argil-
laceous rocks is a consequence of drying, an 
opposite effect of drying in argillaceous materials; 
namely, the development of shrinkage strains. This 
understanding seems to be consistent with a large 
number of observations in tunnels and deep foun-
dations in evaporite formations.

It is concluded that the most important mecha-
nism in the observed long term expansive phenom-
ena in sulphate argillaceous rocks is precipitation 
of sulphated minerals, although co-precipitation 
of sulphate-carbonated species is also possible. It 
has been shown that under appropriate relative 
humidity conditions the precipitation of gypsum 
and other types of hydrated sulphates from miner-
alized water is thermodynamically possible. There-
fore, swelling phenomena could be related partially 
with crystal growth in discontinuities and evolve 
systematically in time if  an effective vapour trans-
fer from the water to the atmosphere is permitted.
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Solute suction and shear strength in saturated soils

V.Y. Katte & G.E. Blight
University of the Witwatersrand, Johannesburg, Gauteng Province, South Africa

ABSTRACT: So far limited experimental data are available that demonstrate the contributions of the 
independent suction components (matrix and solute suctions) to the shear strength of unsaturated soils. 
Previous experimentation on the capillary model (Katte & Blight, 2012) concluded that relatively small 
changes in surface tension occur upon addition of solutes to the pore water. These have little or no effect 
on the shear strength at constant matrix suction even though the solute suction may be large. The objective 
of this paper is to validate the former by carrying out consolidated drained tests on saturated cohesionless 
soils with varying solute concentration hence solute suction while assessing the shear strength.

It appears that the more concentrated the solution 
in the capillary tube, the higher the capillary rise h 
should be, but the experimental results and simple 
static equilibrium deny this.

Katte & Blight (2012) went on to show that the 
shear strength of unsaturated soils is little affected 
by the presence of solutes in the pore water. It can 
be said, on the available evidence, that the shear 
strength of unsaturated soils is controlled entirely 
by the effective stress written as

σ ′σ + −( )σ − [ (χχ )]u+ [ (χχ u m)] atrixiia aχ) [ (χ u+) [ (χ w  (4)

A survey of unsaturated soil mechanics litera-
ture found no similar work on the effect, if  any, 
on the shear strength of soil. The nearest are the 
experiments by Tang & Graham (2002). However 
they worked on a mixture of applied total stress 
and measured total suction and assumed a con-
stant value for osmotic suction.

Since writing the Katte & Blight 2012 paper, the 
following additional experiments have been carried 
out:

− Near-identical capillary tubes have been set up, side 
by side, but each within its own sealed air space, with 
one tube dipping into pure water and the other into 
1.0 molar NaCl solution. These were left for several 
weeks to see if, with time, the capillary rises would 
change as the humidity of the air above the menisci 
equilibrated with the liquid forming each meniscus. 
The capillary rises did not change in either case.

− The capillary tubes were left untouched and the 
two containers of liquid swapped, ie a tube filled 
with pure water now dipped into a container of 
salt solution, and vice-versa. Again the capillary 
rises were unchanged.

1 INTRODUCTION

In a recent paper (Katte & Blight, 2012) it was 
shown that the surface tension of water is relatively 
unaffected by dissolving sodium chloride in the 
water to the extent of 2 mol/L. It was concluded 
that the capillarity is purely a physical effect and 
does not depend on the internal stresses in a solu-
tion that gives rise to solute (i.e., osmotic) suction.

This is a worrying conclusion because, according 
to Raoults’ laws, the relative humidity H in equilib-
rium with an aqueous solution is given by

H =
+

n
n n+

w

w sn+  
(1)

where
 nw = number of moles of solvent and
 ns = number of moles of solute.

Also according to Kelvin’s equation (see, 
Aitchison, 1965), the total suction is given by the 
equation

hγ θ
wγγ

w
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(2)

where h is the height to which a solution in equi-
librium with a relative humidity H would rise in 
a capillary of given radius; R is the universal gas 
constant; θ is the absolute temperature and mw is 
the molecular mass of water.

Substituting for H in (2)

( ) logtotal
R
m

n
n na w

w
e

w

w sn
=) total

+
⎡

⎣
⎢
⎡⎡

⎣⎣

⎤

⎦
⎥
⎤⎤

⎦⎦

θ

 
(3)

CAICEDO.indb   355CAICEDO.indb   355 12/27/2012   5:00:04 PM12/27/2012   5:00:04 PM



356

In another recent paper (Blight, 2011), it was 
shown that if  a fine pored porous material (con-
crete in this case) is dried to a constant mass at a 
temperature of 50°C and then allowed to equili-
brate in atmospheres of 86% to 96% relative 
humidity, the material immediately increases in 
water content, but initially shrinks by 400–500 
linear microstrain, before beginning to swell. This 
is put down to compressive stresses generated by 
water menisci reforming at the solids contacts as 
water from the humid air condenses in the void 
spaces of the porous material. As the menisci grow 
and increase in radius, the capillary compression 
reduces, allowing the material to start swelling.

In this case, solute suction trays of saturated 
salt solution controlled the relative humidity of 
the pore air but the condensation consisted of 
pure water. Therefore the compression must have 
resulted from the generation of matrix suction, 
followed by its reduction as wetting proceeded 
and the menisci grew in size. Here also the entire 
contractions were produced by changes in matrix 
suction.

For the present paper, it was decided to check if  
solute suction plays any role in the shear strength of 
saturated soils. Field observations by (Casagrande, 
1965) have earlier indicated that osmotic suction 
plays little part in the strength of saturated soil. The 
soils used for this paper were granular materials. 
These were chosen so as to eliminate the physico-
chemical interactions which are more pronounced 
in soils having some form of clay due to the double 
layer. For example, Olson & Mesri (1970) found that 
the void ratio at an effective consolidation pressure 
of 100 psf were lower for kaolinite and illite than 
for smectite when the pore fluid was either sodium 
or calcium aqueous solutions. Similar results were 
obtained when carbon tetrachloride was replaced 
as the pore fluid. Also, smectite gave a much higher 
swell index than illite and kaolinite respectively, 
when the pore fluid was either aqueous sodium or 
calcium solutions. Therefore the soil materials used 
for this paper can be considered inert.

2 SAMPLE PREPARATION AND PORE 
SUCTION CONTENT RELATIONSHIPS

Limestone powder (finer than 0.6 μm), quartz 
powder (finer than 1.18 μm) and glass beads (finer 
than 1.18 μm) were separately mixed in batches 
with distilled water, 1 M NaCl solution and deter-
gent solutions at contents of between 2 and 10% 
by mass. The samples were stored in sealed plastic 
bags and left for at least 48 hours to allow the water 
and solution contents to equilibrate with the solids 
before subsequent testings.

The results of thermocouple psychrometer 
measurements carried out on limestone powder, 
quartz powder and glass beads at a range of solu-
tion contents using distilled water, 1 M NaCl solu-
tion and 2 g/l detergent are given in Figures 1–3. 

Figure 1. Water content—total suction curve for lime-
stone powder.

Figure 2. Water content—total suction curve for quartz 
powder.

Figure 3. Water content—total suction curve for glass 
beads.
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For the distilled water, the suction must be entirely 
matrix suction and the addition of detergent makes 
very little difference. For 1 M NaCl, the suction 
must be almost entirely solute suction at higher 
water contents, with an appreciable matrix suction 
component at low water contents. At high water 
contents where matrix suction is low, the measured 
solute suction is very close to that calculated from 
Equation (3).

3 TRIAXIAL SHEAR TESTS

Specimens of 38 mm diameter and 76 mm height 
were made by compacting 50.0 g soil materials 
(limestone powder and quartz powder) in a cylin-
drical mould in three layers. These were sealed to 
the pedestal of a triaxial cell using a rubber mem-
brane. The glass beads were sealed in a similar 
manner with measured weights of the glass beads 
compacted in a split mould mounted on the pedes-
tal. A positive back pressure using the appropriate 
distilled water, 1 M NaCl solution or 2 g/l detergent 
solution was applied through the triaxial base. 
The following notations are used to differentiate 
the specimens: water-water denotes the specimen 
mixed with distilled water with a back pressure 
applied by distilled water. Subsequently the first 
word denotes the solution mixed with the soil and 
the second denotes the back pressure solution.

Once a B-value of about 0.9 was achieved in the 
back pressured specimen, it was sheared drained 
with the back pressure maintained constant, at a 
rate of 2% per hour. The constant back pressures 
and maximum deviator stresses obtained are incor-
porated into Figures 4–6. In all five cases the results 
obtained indicate that the presence of solutes has 
no bearing on the shear strength of the specimens, 
in order words the strengths were independent of 
solute suction. It also made no difference if  the 

solute suction of the solution mixed with the soil 
differed from that of the back pressure solution.

The φ′  values of the soils are given in Table 1. For 
each of the respective soil mixes, the difference in 
the φ′ values from those of water-water specimens 

Figure 4. p′ – q′  diagram for limestone powder.

Figure 5. p′ – q′  diagram for quartz powder.

Figure 6. p′ – q′ diagram for glass beads.

Table 1. The φ′  values of the soil.

Soil Mix φ′

Limestone powder water-water 35.6°
salt-salt 33.8°
salt-water 35.3°
det-det 35.3°
det-water 34.3°

Quartz powder water-water 42.4°
salt-salt 48.4°
salt-water 42.4°
det-det 40.5°
det-water 42.4°

Glass beads water-water 26.4°
salt-salt 23.8°
salt-water 23.8°
det-det 23.4°
det-water 26.0°
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is minute. If  these results were plotted in terms of 
the total suction the respective φ′  angles obtained 
would have been about 4°.

4 CONCLUSIONS

From these experiments it can be concluded that, 
as was the case with unsaturated specimens, sol-
utes have little or no direct effect on the shear 
strength of  a saturated soil in which the soil par-
ticles are inert. This is so despite the high solute 
suctions that were obtained with all the samples 
upon mixing with 1M NaCl solution. Solute 
suction may play an indirect role in the volume 
change of  soils (see Katte & Blight, 2012) but 
has no effect on the shear strength of  saturated 
chemically inert soils.
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Effect of pre-shearing/suction histories on residual shear 
strength of unsaturated soils

L.R. Hoyos, C.L. Velosa & A.J. Puppala
University of Texas at Arlington, Arlington, Texas, USA

ABSTRACT: Results from a series of multi-stage, suction-controlled ring shear tests conducted on stat-
ically compacted samples of silty sand are presented. The experiments were accomplished in a fully servo/
suction-controlled ring shear apparatus suitable for unsaturated soil testing via axis-translation technique. 
The present work focuses primarily on one crucial aspect of compacted soil behavior, namely, the effects 
of pre-shearing and/or suction histories on residual shear strength response of compacted silty sand. 
Results from multi-stage ring shear tests corroborate the critical role played by matric suction on residual 
shear strength properties of unsaturated soils. Test results also show that the residual shear strength of 
compacted silty sand is virtually independent of both the original soil structure and its pre-shearing/
suction histories.

In this work, results from a series of multi-stage, 
suction-controlled ring shear tests conducted on 
statically compacted samples of silty sand are 
presented. The tests were accomplished in a fully 
servo/suction-controlled RS apparatus suitable 
for unsaturated soil testing via the axis-translation 
technique. A detailed description of its develop-
ment, including main components, calibration, 
and its performance verification against a stand-
ard Bromhead device, is presented by Hoyos et al. 
(2011).

Silty sand was selected in this work because of 
its poor gradation and low plasticity, hence mini-
mizing the time suitable for pore-fluids equaliza-
tion during suction-controlled RS testing. The 
relatively significant content of fine-grained mate-
rial is also expected to minimize potential wall-
friction effects between the soil specimen and the 
concentric rings of the RS apparatus.

2 RING SHEAR DEVICE: BASIC 
FEATURES

The RS apparatus allows for application of vertical 
loads up to 8 kN, monotonic torque up to 113 N-m, 
and unlimited angular rotation. It features three 
main modules: (1) Main cell with pneumatic actua-
tor for normal loads, and electromechanical rotary 
actuator for torque loads; (2) DA/PC system with 
data reduction software for calculation of normal/
shear stresses, and average linear/angular displace-
ments; and (3) PCP-15U suction control panel for 
implementation of the axis-translation technique. 

1 INTRODUCTION

A vast majority of geotechnical infrastructure, 
made of compacted soil or resting on unsaturated 
ground, undergoes a wide range of deformations. 
Calculation of foundation settlement, for instance, 
requires good estimation of soil stiffness at rela-
tively small strains. Analysis of engineered earth 
slopes, embankments, and soil bearing capacity, 
on the other hand, requires good estimation of 
shear strength from peak to residual. To date, how-
ever, there is very limited experimental evidence 
of unsaturated soil behavior under large defor-
mations, and their corresponding residual shear 
strength properties, while the soil is being subjected 
to controlled-suction states. This type of research 
has been deterred in the past by the lack of suita-
ble testing tools and techniques. It is, hence, in this 
context that a suction-controlled ring shear (RS) 
apparatus plays a key role in the thorough charac-
terization of this type of materials.

Only a short handful of researchers have recently 
begun experimental trials with new test methodolo-
gies, including Vaunat et al. (2007), Infante Sedano 
et al. (2007), and Merchán et al. (2011). Despite the 
crucial findings of these dedicated few, highlighting 
the key role played by matric suction, a comprehen-
sive experimental effort has yet to be undertaken 
to investigate one crucial aspect of compacted soil 
behavior, namely, the effects that both the original 
soil structure and the pre-shearing/suction histories 
may have on the residual shear strength response 
of the test soil. The present work is motivated by 
these research needs.
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An orderly step-by-step setting-up procedure was 
established as follows:

1. A small piece of wet filter paper is placed over 
the top of each HAEV disk, prior to soil com-
paction, in order to ensure phase continuity 
between the pore-water in the soil and the water 
in the saturated disk: Figure 1(a).

2. The 15-mm (0.59-in) thick sample is statically 
compacted into the bottom annular platen: 
Figure 1(b). The sample is transferred to the RS 
frame and the platen tightly fixed onto the bot-
tom base plate: Figure 1(c).

3. The vertical load shaft is brought up via a servo 
controller and the upper annular platen affixed 
to the top of the piston shaft: Figure 1(c). A ver-
tical sitting load of 25 N is applied to bring the 
upper platen in full contact with the soil.

4. All drainage and flushing lines are filled with 
de-aired water and flushed several times to 
avoid any trapped air in the whole system.

5. The main cell is set into place and the top 
cover plate affixed to the main cell: Figure 1(d). 
A pore-air pressure line, originated from the 
PCP-15U panel, is connected to the cover plate 
of the main cell via a quick connector.

6. Readings of the load-torque transducers are 
reset, and both the LVDT and the angular 
deformation sensors are re-zeroed, prior to RS 
testing.

7. The sample is then subject to a suction-controlled 
multi-stage RS test using the s = ua (uw = 0) test 
approach.

In order to ensure phase continuity between the 
water compartment beneath the HAEV ceramics 
and the pore-water in the soil, the 5-bar ceramics 
are to be saturated prior to RS testing. An in-place 
saturation procedure was adopted, which can be 
summarized as follows. The ceramics are first 
immersed in de-aired distilled water in a beaker 
for at least 24 hrs. A vacuum of 30 in Hg is then 
applied for 48 hrs to remove occluded air bub-
bles in the ceramics: Figure 2(a). The ceramics are 
then mounted and sealed into a stainless steel ring 
as part of the bottom annular platen assembly: 
Figure 1(a). The annular cavity, reserved for the 
soil specimen, is filled with de-aired distilled water 
to a height of about 25 mm (1 in): Figure 2(b). 
Once the main cell and top cover plate are set into 
place, the water film is subjected to an air pressure 
of 200 kPa for at least 48 hrs. During this period, 
any remaining air in the ceramics is expected to 
dissolve in water. After saturation of the ceramics, 
the main cell is removed and the remaining water 
film eliminated via a suction pipette. (The ceramics, 
however, remain covered with water until the soil is 
ready to be compacted.)

3 BASIC PROPERTIES OF TEST SOIL

The test soil classifies as silty sand (SM) according 
to the USCS. The soil has 83.6% sand, 9.8% silt, 
and 6.6% clay; with optimum moisture content, 
OMC = 10.5%; maximum Proctor dry density, 
γd-max = 1.84 g/cm3; and specific gravity, Gs = 2.68. 
The soil does not exhibit plastic characteristics. 
The corresponding soil-water characteristic curve 
(SWCC), assessed via pressure plate testing, is 
shown in Figure 3.

All RS test samples were prepared directly into 
the lower annular platen via in-place static com-
paction: Figure 1(b). The upper annular platen 
is used to compress one single lift of a loose soil-
water mix to a target dry unit weight of 95% of the 
corresponding γd-max. A monotonic force is applied 
by means of a triaxial loading frame at a constant 
compaction displacement rate of 1.25 mm/min 
(Hoyos et al., 2011). Samples of SM soil were pre-
pared at water contents corresponding to suction 
values slightly less than 25, 50, or 100 kPa, accord-
ing to the SWCC in Figure 3.

Figure 1. Suction-controlled RS assembling process: (a) 
lower platen, (b) test sample, (c) top platen, (d) main cell.

Figure 2. Saturation of HAEV ceramics: (a) vacuum 
beaker, (b) in-place water bath.
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4 GENERAL RESPONSE OF SM SOIL

The first stage of a multi-stage suction-controlled RS 
test requires bringing the soil to an initial net normal 
stress, (σn – ua) = 25 kPa, and matric suction, s = 25, 
50, 75, or 100 kPa. A vertical load is first monotoni-
cally applied via the upper annular platen to induce 
a normal stress 25 kPa greater than the target value 
of suction; the soil is then allowed to consolidate.

The pore-air pressure ua is then raised in the 
main cell, as shown in Figure 1(d), to target suc-
tion value, s = ua. The vertical load is adjusted 
accordingly to keep the net normal stress constant 
at 25 kPa. The time required for consolidation-
equalization ranged from 50 to 90 hrs. Suction-
controlled RS tests were then performed on 
compacted samples of SM soil, under constant-
suction states, s = 25, 50, 75, or 100 kPa, by follow-
ing a multi-stage scheme in which residual strength 
assessments were made at three net normal stress 
values, (σn – ua) = 25, 50, and 75 kPa. All tests were 
conducted at an equivalent horizontal displace-
ment rate of 0.025 mm/min, which corresponds to 
a rotational speed of 0.023°/min.

Figure 4 shows the shear stress vs. horizontal dis-
placement responses of  compacted SM soil, during 
first shearing stage, under suctions, s = 50 kPa and 
100 kPa; including the corresponding change in 
vertical soil displacement. The curve for saturated 
condition (s = 0) is reproduced from Hoyos et al. 
(2011). Matric suction is observed to have a sig-
nificant influence on residual shear strength, with 
a considerable increase for s = 100 kPa. Because 
of  the predominantly coarse-grained nature of 
SM soil, all samples exhibit a certain degree of 
dilatancy toward a critical state. These results evi-
dence the enhancement of  soil brittleness and soil 
dilatancy with increasing suction. Furthermore, 

results from first shearing stage of  the RS test 
performed under s = 100 kPa, are remarkably 
similar to those reported by Hoyos et al. (2011) 
under identical conditions, which further demon-
strates the reliability of  the newly developed RS 
apparatus.

5 EFFECT OF PRE-SHEARING HISTORY

In order to evaluate the dependency of residual 
shear strength of SM soil over its past pre-shearing 
history, a new statically compacted sample was 
subjected to a multi-stage RS test under net normal 
stress values, (σn – ua) = 25, 50, and 75 kPa, and 
constant suction, s = 25 kPa, as depicted by path 
AF in Figure 5. Results are compared with those 
reported by Hoyos et al. (2011) from a single-stage 
test under net normal stress, (σn – ua) = 75 kPa, and 
same suction. Results from both tests are shown in 
Figure 6, including the corresponding changes in 
vertical soil displacement. It is observed that when 
the last-stage shearing (path EF) is induced on the 
pre-sheared soil (paths AB and CD), both the peak 
and dilatant behaviors are virtually suppressed. 
However, the residual stress is reasonably close to 
that induced by a single-stage shearing under same 
stress state.

Figure 3. Soil-water characteristic curve from SM soil.

Figure 4. Results from s-controlled RS tests on compacted 
SM soil under net normal stress, (σn – ua) = 25 kPa.
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These results seem to confirm previously 
reported observations that the residual shear 
strength of compacted soils only depends upon 
the applied level of net normal stress, and not the 
initial soil structure or the induced pre-shearing 
history (Bishop et al., 1971, Bromhead & Curtis 
1983, Vaunat et al., 2006).

6 EFFECT OF SUCTION HISTORY

In order to evaluate the dependency of residual 
shear strength of SM soil over its past suction 
history, a new statically compacted sample was 
subjected to a multi-stage RS test under constant 

Figure 5. Multi-stage RS test path (AF) at constant 
suction, s = 25 kPa.

Figure 6. Results from single—and multi-stage RS tests 
on compacted SM soil at constant suction, s = 25 kPa.

Figure 7. Multi-stage RS test path (AH) at constant net 
normal stress, (σn – ua) = 25 kPa.

Figure 8. Results from single—and multi-stage RS tests 
on compacted SM soil at constant suction, s = 25 kPa.

net normal stress, (σn – ua) = 25 kPa, and suctions, 
s = 25, 50, 75, and 100 kPa, as depicted by path AH 
in Figure 7.

Results are compared with those generated during 
first shearing stage of the two tests conducted under 
same net normal stress and suctions, s = 50 kPa and 
100 kPa (Fig. 4). Results from these three tests are 
shown in Figure 8. It can be noticed that when 
shearing is applied on a pre-sheared soil, i.e., path 
CD for s = 50 kPa, or path GH for s = 100 kPa, 
the residual stress response is virtually same as that 
from a single-stage shearing under same stress state. 
These results also seem to corroborate that the 
residual shear strength of a compacted soil is virtu-
ally independent of its original structure and/or its 
past suction history (Vaunat et al., 2006, 2007).

7 COMBINED EFFECTS 
OF PRE-SHEARING 
AND SUCTION HISTORIES

Finally, with the aim of evaluating the simultane-
ous effects of pre-shearing and suction histories 
over the residual shear strength of compacted 
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SM soil, a new statically compacted sample was 
subject to a multi-stage RS test that involved a 
constant-suction load-unload net normal stress 
path, followed by a suction-increase path, as 
depicted by path AL in Figure 9. The soil was ini-
tially sheared (path AJ) under constant suction, 
s = 25 kPa, following a load-unload sequence of 
net normal stresses, (σn – ua) = 25, 50, 75, 50, and 

25 kPa. The soil was then dried via axis-translation 
(path JK) to a suction state, s = 100 kPa, and 
re-sheared (path KL) under constant net normal 
stress, (σn – ua) = 25 kPa. Results from this multi-
stage RS test are compared with those from a 
single-stage test conducted on a separate sample 
under net normal stress, (σn – ua) = 25 kPa, and 
matric suction, s = 100 kPa. The results from both 
tests are shown in Figure 10. In both cases, the 
residual stress response of compacted SM soil is 
observed to be, once again, virtually the same.

It can also be noted that the drying process 
(path JK) stiffens the pre-sheared soil, which is 
manifested by both the peak and dilatant behaviors 
during last-stage shearing (path KL). This dila-
tancy, however, is still less pronounced than that 
induced during single-stage shearing. It can thereby 
be concluded that the effect of matric suction on 
residual strength of compacted soils is more signif-
icant than that of net normal stress, since the peak 
and dilatant behaviors apparently are not fully sup-
pressed if  the soil is subject to a drying process after 
pre-shearing. An increase in dilatancy with suction 
was also reported by Vaunat et al. (2006).

8 CONCLUDING REMARKS

Results from a series of suction-controlled ring 
shear tests, conducted on statically compacted sam-
ples of silty sand (SM) soil, were presented. The 
tests were conducted in a newly developed, fully 
servo/suction-controlled ring shear (RS) apparatus. 
The results reflect the critical role played by matric 
suction on residual shear strength of compacted 
soil. Results from multi-stage RS tests seem to con-
firm that the residual shear strength of compacted 
silty soil is not affected by the original structure or 
its past pre-shearing or suction histories.
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ABSTRACT: Clays exhibit volumetric changes when exposed to different environmental conditions. 
Particularly desiccation process in clays produces vertical settlements and cracks can appear as a conse-
quence of shrinkage. The mechanisms in which the environment, the soil properties, and the geometric 
configuration as a whole affect cracking characteristics are not yet understood; even if  numerous exper-
imental tests have been realized in thin layers of clay to evaluate the influence of different variables. 
Variables studied in abundant research include the effect of: air temperature, thickness of soil layer, 
bottom surface material, and tensile strength. The aim of this paper is to present a review of the experi-
mental results made by different researchers, highlighting their main contributions, and relevant aspects 
for future works.

and dry density. On the other hand, boundary 
conditions include the external variables that affect 
cracking: roughness of the soil base, temperature 
gradient, humidity, thickness of the soil layer, 
wind velocity, size of the sample of soil, radiation, 
and the number of hydraulic cycles of wetting 
and drying. Trabelsi et al. 2011; Corte & Higashi 
1960; Miller et al. 1998 carried out laboratory tests 
including different intrinsic soil properties and 
controlling different boundary conditions.

The cracked soil can be characterized in terms of 
the resulting geometry as: Number of cracks, cells per 
unit area (the amount of soil separated by cracks), 
crack spacing, depth of cracks, length of cracks, and 
cracked area. Also, it is common to specify the value 
of the humidity at which cracks open.

Image analysis is the principal way to measure 
characteristics of cracked soil. Recent technological 
advances permit trough the quantification of pixels 
in binary image determine the quantity of pixels 
that corresponds to cracking and non-cracking 
zones (Trabelsi et al., 2011; Tang et al., 2008; 
Vogel et al., 2005; Yesiller et al., 2000; Serra 1982). 
Furthermore, fractal dimension allow to character-
ize the degree of cracking and the interconnectivity 
of cracks (Vallejo 2009).

To describe the evolution of cracks during a 
desiccation test or in the field, two definitions have 
been implemented: CIF (Crack Intensity Factor) 
and LF (Density of Length of Fissure). CIF is 
the area of cracks with respect to the total area, 
and LF is the length of cracks with respect to the 
total length. The evolution of CIF and LF with 
time are described by Trabelsi et al. (2011) and 
Miller et al. (1998). The curves plotted against 
time present a linear region at the beginning of the 

1 INTRODUCTION

Desiccation is the process in which the soil loss 
water and becomes unsaturated, this process can be 
produced by different conditions such as: decrease 
in water table due to groundwater production, tem-
perature increase by extreme drought periods, loss 
of vegetation as a protective layer of soil. When 
clayey soil in saturated state is exposed to desicca-
tion, a zone appears above water table in which the 
pore water pressure is negative. Under these cir-
cumstances shrinkage occurs and tension stresses 
appears within the soil mass. In this zone, once 
tension forces exceed the tensile strength of the 
soil cracking initiates (Nahlawi & Kodikara 2006; 
Thusyanthan et al., 2007; Morris, et al., 1992).

Despite the huge advance of knowledge achieve 
in unsaturated soils mechanics in the last decades, 
the whole effects affecting shrinkage cracking due 
to shrinkage of fine-grained soil is not yet under-
stood. The state of knowledge in this area consists 
in laboratory test made by many authors that have 
studied shrinkage cracking in thin clay samples and 
few numerical studies that describes this process. 
This paper presents a review of the main contri-
butions of different authors, and present relevant 
aspects for future works.

2 CRACK CHARACTERIZATION

Crack formation depends on the intrinsic and state 
properties of soil and the boundary conditions of 
the desiccating layer. Intrinsic and state proper-
ties of soil includes: fines content, Atterberg lim-
its, mineralogy, moisture content, tensile strength, 
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desiccation process and then reached a steady state 
(see figure 1).

Corte & Higashi (1960) and Nahlawi & Kodikara 
(2006) measured the size of cells at the end of the 
desiccation process and found that size of cells 
coincide with a log-normal distribution. The dis-
tribution of size of cells obtained in the test of 
Corte & Higashi (1960) is show in figure 2. In these 
tests the soil sample is drying in a room which tem-
perature was kept about 22°C and humidity was 
about 30–40%.

3 VARIABLES THAT AFFECT CRACKING 
PATTERN

To explain the formation of cracks in soil it is 
accepted that cracking is initiated when tension 
forces exceed the tensile strength during drying 
process (Nahlawi & Kodikara 2006; Thusyan-
than et al., 2007; Abu-Hejleh & Znidarčić 1995). 
Different apparatus have been developed to 
measure tensile strength. Some tests to measured 
tensile strength and the main relationships between 
two or more characteristics are presented below.

3.1 Tensile strength

The most common tests to measured tensile strength 
in soils are: bending test, indirect tension test, direct 
tension test, and triaxial tension test. The main dis-
advantages in tensile strength measurements using 
bending tests are the nonlinear behavior of the 
soil and the non-homogeneous stress field. On the 
other hand, in direct tension tests the stress path 
is controlled, but shear stresses appear because the 
differential of lateral strain. Another disadvantage 
with these two methods is the difficulty to control 
the pore water pressure. To solve these problems 
Bishop & Garga (1969) developed a modification 
of triaxial cell in order to create a tension test. 
This test consists in a sample with a reduced mid-
dle section involved in a membrane, (see figure 3). 
The sample is fixed on one side and tension load is 
induced by the confining pressure.

Tensile strength test in unsaturated soils also 
has been measured by Rodriguez 2002; Nahlawi 
et al. 2004; Lu et al. 2009; and Kim et al. 2012. 
The authors developed different test that varies in 
dimensions, shape of the device, and formulation 
to calculate the tension strength. The device devel-
oped by Rodriguez et al. (2002), consists in 3 main 
parts: two pieces of trapezoidal shape and a central 
part that is allowed to remove at the beginning of 
the test (see figure 4).

The purpose of this device is to measure the 
tensile strength in the middle of the device by the 
application in one half  of the mold a tension load 
and fixing the other side.

Figure 1. Evolution of CIF and LF versus time. Exper-
imental results (Adapted from Trabelsi et al. (2011)).

Figure 2. Log-normal distribution of size of cells. 
Experiment 29, thickness 8 mm, wood bottom, and dry 
density 1.8 (Adapted from Corte & Higashi (1960)).

Figure 3. Triaxial tension test (Adapted from Bishop & 
Garga, 1969).

Figure 4. Direct tension test device (Adapted from 
Rodriguez (2002)).
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Prat et al. (2008) made some tests to measure 
the tensile strength using this dispositive varying 
the moisture content. Figure 5 shows the resultant 
curves for two densities, the difference in the shape 
of the curve in the wet-side is smaller than in the 
dry-side of the curve. This result is consistent with 
the results obtained by Favaretti 1996; Tamrakar 
et al. 2005; and Rodríguez 2006. For these tests, the 
authors do not mentioned the control of environ-
mental conditions.

Also, Trabelsi et al. (2011) made some tests in 
the same device, but they fixed the environmental 
conditions (temperature 20°C ±2°C and constant 
relative humidity 50% ± 5%). Each test was real-
ized with water content in the range of 65% to 
120%. Because the soil initially is in slurry state, 
two pieces in the central part are fixed to maintain 
the correct shape of the clay during drying. When 
the soil acquires consistency by drying the load is 
applied. Figure 6 shows an exponential curve that 
represent the results of the experiments in which 
tensile stress increases as water content decreases. 
Indeed, these curves are different in comparison to 
figure 5 because the drying process.

Nahlawi et al. (2004) carried out a testing 
equipment based in the same principle developed 
by Rodriguez (2002). This device is made with two 
rectangular blocks in which the first are fixed and 
displacement is allowed on the second block (see 
figure 7). Authors made tests in clayey soil pre-
pared with initial water content between 122% and 
21.5%. Figure 8 shows the decrease in the tensile 
strength with increase the water content in con-
trast to the increase of tensile strain at failure with 
the increase of water content.

Additionally, recent researches such as Thusyan-
than et al. (2007), argued that combination between 
shear and tensile strength stresses are developed at 
the beginning of cracking in soils. First test for 
determines this stress combination was made by 
Vesga (2009). The author developed an apparatus 
that measure the tensile shear strength of unsatu-
rated clays called direct tensile shear test (DTS) (see 
Figure 9). The principle of this test is the applica-
tion of a tensile force and subsequently a shear 
strength that produce failure by tension.

In most tensile strength tests it is questionable the 
uniformity in the stress distribution and the possible 
stress concentration and friction between the mold. 
Some solutions to these problems are based on the 
removal of corners in the mold and in eliminating 
the corners and lubricating the mold to avoid friction 
effects. Other important effects are the temperature 
and humidity regulation, for that reason, the use of 

0 5 10 15 20 25 30 35

Moisture content,w (%)

0

0.5

1

1.5

2

2.5

3

3.5

4

T
en

si
le

 s
tr

en
gt

h,
 S

t (
kP

a)

Density = 1.6 kN/m3
Density = 1.9 kN/m3

y=-0.0191x2+0.6874x-2.88
R2=0.9471

y=-0.0208x2+0.8084x-5.174
R2=0.9432

Figure 5. Tensile strength curve for different moisture 
content (Adapted from Prat et al. (2008)).

0 10 20 30 40 50 60 70 80 90 100

Water content,w (%)

0

10

20

30

40

50

60

70

80

90

100

T
en

si
le

 s
tr

en
gt

h,
 S

t (
kP

a)

y=148.65e-0.066x

R2=0.9815

Figure 6. Tensile strength curve (Adapted from Trabelsi 
et al. (2011)).

Figure 7. Shear strength device (Adapted from Nahlawi 
et al. (2004)).
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content (Adapted from Nahlawi et al. (2004)).
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of temperature can be attributed to the suction 
increase rate and lower tensile strength.

3.4 Thickness

Tang et al. (2008) selected three thicknesses (5 mm, 
8 mm, and 11 mm) to make some desiccation 
experiments, the authors showed that the number 
of intersections and crack segments decreases with 
an increase in thickness of soil layer (see figure 11). 
Soil layer thickness increase is accompanied by an 
increase on average length, width of cracks, aver-
age area of aggregates, and CIF. Same trend was 
found by Corte & Higashi (1960) and Nahlawi & 
Kodikara (2006), they observed that area of cells 
increase as increase the soil thickness and conse-
quently the total length of cracks decreases with an 
increase of thickness (see figure 12).

Also, Corte A and Higashi A (1960) conclude 
that soil water content presents an exponential 
trend in function to depth. This behavior is due to 
the desiccation velocity of the soil surface.

Figure 9. Direct tensile frame for DTS service (Adapted 
from Vesga (2009)).
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Figure 11. Relations between total length of cracks and 
thickness (Adapted from Tang et al. (2008)).

membranes and isolating chambers to control and 
measure some conditions are the best solution.

3.2 Effect of the plasticity index

Tang et al. (2008) made tests in order to deter-
mine the influence of  different factors in shrink-
age cracks formation. The test procedure consists 
in three main steps: (1) the slurry clay is prepared 
with 90% water content (2) the slurry is put into 
square glass plates of  16 cm, and (3) the plates 
are located in a drying oven. Four factors were 
varied: Temperature, thickness, wetting and dry-
ing cycles, and soil types. The test results dem-
onstrated that width opening and CIF (Crack 
Intensity Factor) are greater in soils with higher 
amount of  fines content and plasticity index. 
Also, similar trends are found by Rayhani et al. 
(2008). Nevertheless, experiments made by Miller 
et al. (1998), show larger values of  width and 
depth, using a soil with a low plastic index and 
optimum compacted dry density. The difference 
of  the results showed that cracking not only 
depends to fines contents and plasticity index, 
but also of  the soil density.

3.3 Temperature

Tang et al. (2008) selected three temperatures (30°C, 
40°C and 50°C) to make desiccation experiments, 
and concluded that the average length, width of 
cracks, and average area of aggregates increased 
with increasing temperature. Also, Tang et al. 
(2010) determine that CIF values increases with 
increasing temperature (see figure 10). During tests 
the temperature and relative humidity was imposed 
at: 22°C and 55 ± 5% RH, 60°C and 5 ± 2RH, and 
105°C and 0% RH.

As is stated above, cracks initiated when tensile 
stress exceeds tensile strength. Unfortunately, the 
behavior of tensile strength with temperature is 
not understood yet. However, some authors as Cui 
et al. (2005) and Mitchell (1964) found that in gen-
eral shear strength decreases with temperature. For 
that reason, the increase of cracking with increase 
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3.5 Bottom surface material

Corte and Higashi (1960) determine that if  the 
thickness of soil is the same in two samples with 
different base materials, wood and glass, the soil 
with wood base presents larger cells than the soil 
with glass base. Also, the authors determine that 
the size of cracking cells are more dependent of 
the base material than of the difference in soil den-
sity, this is due to the property of adhesion of soil. 
Figure 13 presents the relation obtained by the 
authors for wood and glass with the Equation 1.

S = ad b (1)

where, a and b are constants, S is the mean area of 
cells; and d is the thickness.

3.6 Wetting and drying cycles

To understand environmental cycles Tang et al. 
(2008), realized in multiple wetting-drying cycles 
probability density functions of: cracked area, 
width of cracks, and length of cracks. The authors 
found that with increasing of wetting-drying cycles, 
the soil surface becomes more cracked, cracking 
cells are smaller, more cracks are close together, and 

CIF decreases. On the contrary, Yesiller et al. (2000) 
observed that the CIF increased after the first wet-
dry cycle. The difference in both results could be 
due to the effects of compaction conditions.

However, size effects in samples and all environ-
mental conditions are not well controlled. Hence, 
to reproduce environmental conditions as a rain-
fall, heat flux, and evaporation, authors as Take & 
Bolton (2002) and Tristancho and Caicedo (2008), 
developed a climatic chamber to implement in a 
centrifuge machine.

However, despite the existence of climatic cham-
bers, there are not studies about cracking desicca-
tion in soil using this device. A deduction of scaling 
laws of environmental characteristics was made by 
Tristancho et al. (2012).

4 CONCLUSIONS

During desiccation process, clayey soil cracks 
when the tensile stress is greater than the tensile 
strength. For this reason, different devices have 
been developed to measure tensile strength in soil. 
Principal devices are: indirect tension test, direct 
tension test, and triaxial tension test. However, 
some disadvantages are presented as the assump-
tion of linear behavior of soil, homogeneous stress 
field, and the impossibility to measure pore pres-
sure. The best solution to these problems could be 
a triaxial test adaptation in order to measure soil 
extension.

Some tests on soil with different water con-
tent show that tensile strength of soil increases 
to a maximum value, and then decreases with an 
increase of water content. However, this behavior 
depend of the compaction of the soil.

On the other hand, the main cracks characteris-
tics and factors that influenced desiccation crack-
ing on soils are:

• Cracking Intensity Factor (CIF) and Density 
of Length of Fissure (LF) increases with time 
linearly at the beginning and then reached a 
steady state.

• The size of cells presents a log-normal distribu-
tion with time.

• Width opening and CIF are greater with higher 
amount of fines content and plasticity index. 
However these results can be influenced by 
compaction of the soil.

• CIF, average length, width of cracks and average 
cell area increases with increasing of temperature.

• With an increase of thickness, the average of 
length decrease, width of cracks increase, and 
area of cells increase.

• With respect to bottom surface material, mean 
area of cells depending of the adhesion property 
of bottom material.
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Although cracked soil behavior largely depends 
on the tensile strength, the relation with the vari-
ables listed above have not been studied. Also, it 
is important to realize tests with greater depth and 
size in order to eliminate border and scale effects. 
An alternative to solve these problems and control 
soil climatic conditions is the use of reduced scale 
models in the centrifuge machine. With the correct 
use of the laws that governs the problems in centri-
fuge test, cracking desiccation test could be more 
accuracy and appropriated.
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Evaluating the impact of thermal variations on the penetration 
test parameters
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ABSTRACT: Geostructures with thermo-active function establish direct thermal exchange between the 
ground and the building. The cost of geostructures is lower than the usual geothermal solutions. However, 
adapting foundation piles to produce energy piles raises questions regarding the impact of temperature 
variations on the geotechnical parameters of the soil. In this study, a high resolution mini-penetration 
test, adapted from the current static penetration test, was developed to characterize laboratory samples. 
Samples of a kaolinite/sand mixture were prepared with various water contents and dry densities and sub-
mitted to thermal variations. The cone tip resistance and the sleeve friction are measured. These parame-
ters depended strongly on the water content of the material. We demonstrated that temperature variations 
with a constant water content do not affect the measured shear stress parameters. The proposed penetra-
tion test can be carried out to compare the impact of thermal curing on soil parameters.

cause opposite effects. On the one hand, heating 
decreases the viscosity of the interstitial water, 
which reduces the resistance between aggregates 
as well as the shear resistance. On the other hand, 
heating a material under mechanical stress densi-
fies the ground, which results in increased contact 
between aggregates. In consequence, the resist-
ance between aggregates and the shear resistance 
increase. The two different conclusions found in 
the literature result from the combination of these 
two effects in different soils.

Considering that thermo-active foundations 
may be built in a large variety of soils and the diffi-
culty of predicting how temperature variations can 
affect the shear resistance of a material, it seems 
necessary to develop a quick and easy-to-use test 
to compare the impacts of thermal stresses on the 
soil parameters. In this study, a high-resolution 
mini-penetration test was developed. The method 
supplies parameters like those of the penetrometer 
test currently used to calculate the bearing capaci-
ties of piles. The aim of the test is to rapidly deter-
mine the impact of thermal variation on the shear 
resistance of different soils.

In this paper, the proposed mini-penetration test 
is first introduced. Then, test results on a mixture 
of kaolinite and fine sand are presented and dis-
cussed. Several samples were prepared at the Proc-
tor optimum point and submitted to temperature 
variations from 1 to 50°C, which is equal to the 
maximal variations of the soil temperature induced 
by current implementations of thermal piles.

1 INTRODUCTION

Thermo-active geostructures are sustainable struc-
tures that enable thermal exchange with the ground 
through a liquid that flows through a closed-loop 
circulation system integrated into the geostructure. 
These systems use the subsurface as a heating or 
cooling source. Geostructures may be piles, dia-
phragm walls, tunnel linings, basement slabs or 
walls (Fromentin et al., 1999, Laloui et al., 2003, 
Brandl 2006). The standard use of thermo-active 
foundations modifies the current ground tempera-
ture (12°C) over a scale of 1 to 30°C (Peron & Laloui 
2011). To study geo-exchange systems in ground 
structures, the complex interactions between tem-
perature variations and induced stresses or defor-
mations, which may affect building performance, 
must be considered (McCartney et al., 2010).

Foundation piles function through a combina-
tion of two effects: the cone tip resistance and the 
sleeve friction along the pile. The sleeve friction can 
be associated with the shear resistance, which is the 
relative resistance of the ground against the sliding 
caused by a load. The impact of temperature on 
the shear resistance is complex. Some authors such 
as Mitchell (1964), Sherif  & Burrous (1969), de 
Bruyn & Thimus (1996), Lingnau et al. (1996) and 
Wiebe et al. (1998) reported that ground heating 
decreases the shear resistance, whereas Noble & 
Demirel (1969), Houston et al. (1985), Tanaka et al. 
(1996) and Cekerevac & Laloui (2004) obtained 
the opposite results. In fact, heating and loading 
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2 MATERIAL AND METHODS

2.1 Preparation and characterization 
of the samples

The tested material was a mixture of 50% kaolinite 
from the Charente basin and 50% Hostun sand 
(France). The materials were dried separately for at 
least 24 hours in an oven (60°C) and then mechani-
cally mixed in the desired proportion. Water was 
added to obtain different initial water contents 
between 9 and 19%. The mixture was then packed 
in hermetic bags and left to homogenize for at least 
24 hours (Table 1).

The liquid limit (LL), the plastic limit (PL) and 
the plasticity index (PI) of the soil were 26.9, 15.4 
and 11.5%, respectively.

The particle size distribution of the mixture was 
determined using a Laser Fritsch analysette 2© 
(Figure 1).

The material was compacted in 6 layers using a 
mold 152 mm in diameter and 152 mm in height. 
The applied energy was the same as that used in 
the Proctor method. Compaction in 6 layers was 
used to ensure the homogeneity of the material 
in the mold (Table 1). The obtained compac-
tion curve was superimposed onto the standard 
Proctor curve (Figure 2). The optimum water con-
tent and the maximum dry density were 13% and 
1.88 Mg/m3, respectively (Figure 2).

2.2 Thermal cure

The initial temperature of all samples was 20°C.
Samples were thermally cured at 1, 30 or 50°C 

and were equipped with thermal sensors to deter-
mine the minimal duration of thermal curing 
(Table 2).

2.3 Mini penetration test

The mini-penetration test is a laboratory test 
adapted from the normalized static penetration test 
(NF P94-113, AFNOR 1996). In our test, a probe 
consisting of a cone with a 60° apex penetrates the 
sample continuously at 30 mm/s (Figure 3). Two 
stainless steel probes named P1 and P2 were used 

Table 1. Initial water contents (wi), dry densities (ρd), 
temperatures (T ) and final water contents of the samples 
after the penetration test (wf).

Test wi
%

ρd
Mg/m3

T
°C

wf
%

E1 9.3 1.60 20 9.3
E2 11.3 1.74 20 11.3
E3 11.9 1.82 20 11.9
E4, E*4 12.3 1.87 20 12.3
E5, E*5 13.0 1.88 20 13.0
E6 13.2 1.89 20 13.2
E7, E*7 14.2 1.85 20 14.2
E8, E*8 15.1 1.82 20 15.1
E9, E*9 16.9 1.73 20 16.9
E10, E*10 18.5 1.66 20 18.5
E11, E*11 13.5 1.90 1 13.4
E12, E*12 13.5 1.90 30 13.2
E13 13.4 1.87 50 12.5

Figure 1. Particle size distribution of the kaolinite—
sand mixture.

Figure 2. Comparison between the Proctor curve and 
the specific compaction curve of the material. Sr: Satura-
tion rate.

Table 2. Parameters of the thermal curing protocol.

Climatic chamber 
temperature (°C) 1 30 50

Duration of the 
thermal cure (h)

9h20 4h20 12h50

Sample temperature (°C) 1.5 29.3 48.8
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(Figure 3). The lengths (250 mm), angles (60°) and 
maximal external diameters (12 mm) of the two 
cones were similar. The diameter of P1 was 10 mm, 
the diameter of P2 was 12 mm, and the maximum 
penetration length of both probes was 100 mm. 
The cone tip resistance was measured with P1, 
whereas P2 measured a combination of the cone 
tip resistance and the sleeve friction.

Three mini-penetration tests were carried out 
in each mold at the equilibrium temperature. The 
position of each penetration test was fixed to pre-
vent edge effects (Figure 4).

Three penetration velocities were tested: 1 mm/
min, 30 mm/min and 90 mm/min. The velocity 
of the probe determines the duration of the test, 
which should be minimized to avoid changes in the 
water contents of the samples. Preliminary tests 
found that the probe penetration velocity had no 
impact on the measured parameters, and so the 
intermediate speed of 30 mm/min was used in all 
further tests.

3 RESULTS

3.1 Mini-penetration curves typology

The penetration curves obtained by probes P1 
and P2 were named E and E* tests, respectively 
(Table 1). The behavior of the total strength ver-
sus depth is presented in Figure 5. In the first part 
of the curves (a), the apex of the probe penetrated 
into the soil. This part of the test is similar for both 
probes, as their angles and the diameters of their 
conical apexes are identical. Part b of the curves is 
specific to P1. As the sleeve friction was unmeas-
ured, the strength variation in Part b was constant 
for a homogeneous soil. Part c of the curves is 
specific to P2. The strength increased as the probe 
came into contact with the soil.

The cone tip resistance (qc) was calculated by 
averaging the strengths obtained in the linear part 
(b) of the P1 test. Equations 1 and 2 transform the 
measured stresses into resistance values.

qc = Fc /(πR1
2) (1)

fs = (Ft − Fc)/(2πR2(L − Lp)) (2)

where Fc = the cone tip strength; R1 = the radius 
of the conical apex, R2 = the probe radius; fs = the 
sleeve friction; L = the penetration length and 
Lp = the height of the cone apex.

3.2 Coupled influence of water content 
and dry density at 20°C

This section presents the results of tests on the 
samples described in Table 1 carried out at 20°C.

3.2.1 Cone tip resistance
Figure 6 presents the P1 penetration strengths 
measured from samples with different water 

Figure 3. a. Mini-penetration test with traction- 
compression machine and probes for mini-penetration 
test (b. P1; c. P2).

Figure 4. Positions of penetration tests in the mold.
Figure 5. Total strength versus depth measured using 
probes P1 (E) and P2 (E*).
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contents and dry densities. The b parts of the 
curves are constant, which indicates that the pre-
pared samples are homogeneous. The maximal 
strength measured during the tests increased as the 
water contents of the samples decreased.

The samples E3 and E8 were prepared at the 
same initial dry density (1.82 Mg/m3), so the 750 N 
difference between the measured strengths could 
be only due to the difference in water contents: 
w = 11.9% for E3, and w = 15.1% for E8. Variations 
in the dry density were generally observed to less 
strongly affect these results.

Figure 7 superimposes the cone tip resistance at 
a penetration depth of 90 mm onto the compaction 
curve. As the water content decreases, the tip resist-
ance increases. The cone tip resistance varies more 
rapidly on the dry side (w < 14.5%, Equation 3) than 
on the wet side (w > 14.5%, Equation 4) of the com-
paction curve. The equations of these two curves were 
determined and used as references in further tests.

qc = −2028.2w + 29770 (3)
qc = 49.589w2 − 1875.2w + 17919 (4)

3.2.2 Sleeve friction
Tests with both P1 and P2 were performed on each 
sample. The difference between the two curves pro-
vides the sleeve friction (Figure 8), and compar-
ing the sleeve friction at different water contents 
and dry densities provides the same conclusion as 
the cone tip resistance: As the water content of 
the samples decreases, the sleeve friction increases 
(Figure 9). Equations 5 and 6 describe the sleeve 
friction curves for water contents from 12% to 
14.5% and from 14.5% to 19%, respectively.

fs = −74.353w + 1113.9 (5)
fs = 1.5969w2 − 59.743w + 571.35 (6)

Figure  6. Strength measured along the penetration of P1 
in samples with different water contents and dry densities.

Figure 7. Comparison between the compaction curve 
and the cone tip resistance at a penetration depth of 
90 mm.

Figure 8. Sleeve frictions at different water contents 
and dry densities calculated from penetration tests using 
P1 and P2.

Figure 9. Comparison between the sleeve friction at 
90 mm penetration depth and the compaction curve.
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3.3 Impact of a thermal cure on the cone tip 
resistance and sleeve friction

The results of penetration tests carried out on dif-
ferent samples (E11 to E13) after thermal curing at 
1, 30, and 50°C were compared to the results of the 
E6 test at 20°C (See Table 1 and Table 3).

The cone tip resistance and the sleeve friction 
were not strongly affected by temperature vari-
ations between 1 and 30°C. However, increasing 
the temperature to 50°C dramatically increased 
both of these parameters (Figure 10). The varia-
tion could be due to variations in the water con-
tent (from 13.2% to 12.5%) caused by heating the 
sample, though the mold was completely covered 
during the thermal curing process. As already dem-
onstrated in Figures 7 and 9 (Equations 3 and 5), 
this decrease in water content could dramatically 
increase both the cone tip resistance and the sleeve 
friction (dry side).

Test E4 was performed at 20°C on a sample with 
a similar water content and dry density as E13. The 
measured cone tip resistance was similar to that of 
E13 (Table 3), but the measured sleeve friction was 

lower. This observed difference may be due to the 
effects of temperature changes, but further experi-
ments are necessary to confirm this result.

4 CONCLUSION

The purpose of this study was to develop a high-
resolution mini-penetration test and propose a 
simple method to quickly define the effects of tem-
perature variations on the cone tip resistance (qc) 
and sleeve friction ( fs) of a soil. The results demon-
strated that the test is repeatable and reliable.

The study was divided into several phases: 
(1) definition of the adapted compaction protocol, 
(2)  definition of the thermal curing protocol, (3) and 
definition of the penetration test conditions (depth, 
velocity, …). The effects of the water content, the 
dry density and the thermal curing temperature on 
the penetration test parameters were studied.

We demonstrated that decreasing the water con-
tent of the samples increased both the cone tip resist-
ance and the sleeve friction. The dry density of the 
sample has less impact on the penetration param-
eters than the water content. The cone tip resistance 
and the sleeve friction both vary more sharply on 
the dry side of the compaction curve (w < 14.5%, 
Equation 3) than on the wet side (w > 14.5%, 
Equation 4). The results demonstrate that thermal 
curing between 1 and 30°C has little effect on the 
penetration parameters of the studied kaolinite/
Hostun sand mixture. Thermal curing at a higher 
temperature (50°C) led to a decrease of the sample 
water content, and resulting increases in the cone tip 
resistance and the sleeve friction were observed.
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Using fracture mechanics theory to evaluate the unconfined 
compressive strength of unsaturated fissured clays

L.E. Vallejo
Department of Civil and Environmental Engineering, University of Pittsburgh, Pittsburgh, USA

ABSTRACT: This study reports laboratory and theoretical investigations on the mechanics of 
fissure propagation and failure of unsaturated clay samples subjected to unconfined compressive loads. 
The theoretical investigation used Linear Elastic Fracture Mechanics (LEFM) theory. The samples tested 
had fissures inclined at 15, 30, 45, 60 and 75 degrees with the vertical. They had water contents of 3, 9, 
and 15%. The samples were found to behave like brittle materials and their failure was the result of a 
fissure-induced tension. At failure, the samples developed secondary tensile cracks that propagated form 
the original cracks in a direction parallel to the uniaxial compressive load direction. The strength of the 
samples that failed in tension was found to increase with an increase in water content. This behavior was 
explained using the pendular, funicular, and saturated water distribution in the samples. LEFM theory 
predicted very well the failure mode of the fissured clay samples.

Immediately after removal of the samples, when 
their water content (w) was about 30%, cracks were 
artificially made in the samples by a process of 
inserting and removing thin glass sheets 1 mm in 
thickness and 2,5 cm in width in a direction normal 
to the sample’s face. The cracks were made at 15, 
30, 45, 60 and 75 degrees with the direction of uni-
axial compressive load (vertical direction).

In order to investigate the effect of water content 
(w) on the uniaxial compressive strength of the fis-
sured clay samples, groups of clay samples with 3 dif-
ferent water contents were tested in the laboratory. 
These three different water contents were developed 
in the samples by allowing them to air dry after the 
cracks were made in the samples (w = 30%). By allow-
ing the samples to air dry (air temperature = 20°C) 
for about 2 hours, 4 hours, and 2 days, the final 
water contents in the samples were measured to be 
15, 9, and 3%. After these final water contents were 
reached in the samples, they were tested under a 
uniaxial compressive stress conditions. The rate of 
deformation used in the testing was 0.5 mm/min.

2.2 Mode of failure of the samples

Figures 1 to 4 shows the mode of failure under 
uni-axial compression of the prismatic clay sam-
ples containing pre-existing (primary) cracks at 
15, 30, 45, 60 and 75 degrees with respect to the 
vertical. The text should fit exactly into the type 
area of 187 × 272 mm (7.36" × 10.71"). For correct 
settings of margins in the Page Setup dialog box 
(File menu) see Table 1.

1 INTRODUCTION

Some clays forming part of slopes and earth dams 
exist in the fissured state (Duncan and Dunlop, 
1969, Sherard, 1973). For the assessment of the 
short-term stability of these earth structures, the 
unconfined compressive, σc, of  the clays is needed. 
Very little is known about the role fissures play in 
the failure process of unsaturated clays when sub-
jected to compressive loads. The purpose of this 
study is to report laboratory and theoretical inves-
tigations designed to understand the role of water 
content and its distribution on the unconfined 
compressive strength of fissured clays.

2 LABORATORY ANALYSIS

2.1 Laboratory preparation of samples

For the experimental investigation, laboratory pre-
pared samples of kaolinite clay with pre-existing 
cracks were used. The kaolinite used in the experi-
ments had a LL = 58% and PL = 28%. The dry kao-
linite was mixed with distilled water to form a soft 
soil mass with water content of about 40%. After the 
mixing was done, the clay-water mixture was placed 
in plexiglass containers that measured 7.62 cm in 
length, 7.62 cm in width and 4 cm in thickness. The 
samples were consolidated in these containers using 
a weight that applied a normal pressure of 25.7 kPa 
for a period of 5 days. After removal of the weight, 
the samples had consolidated and measured 7.62 in 
length and width and about 2.54 cm in thickness. 
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An analysis of Figures 1 to 5 indicates that under 
uniaxial compression, the samples experienced 
failure by developing secondary cracks that started 
from the face or the tips of the original cracks and 
propagated in a direction that was parallel to the 
uniaxial compressive stress direction. The samples 
shown in Figures 1 to 5 had a w = 3%. The samples 
with water contents of 9 and 15% failed in a simi-
lar manner as the samples with w equal to 3%.

2.3 Influence of the crack inclination and water 
content on the failure of the samples

Figure 6 shows a plot of the uniaxial compressive 
strength (given by the maximum uniaxial 
compressive stress, σc, versus the inclination of 
the pre-existing fissures in the samples, β. The 
uniaxial compressive strength reported in Figure 6 
is the one at which the samples failed in tension 
by the developing of secondary cracks (Figures 1 

Figure 1. Secondary cracks developed at failure of 
a clay sample containing a primary crack inclined at 
15 degrees with respect to the vertical.

Figure 2. Secondary cracks developed at failure of 
a clay sample containing a primary crack inclined at 
30 degrees with respect to the vertical.

Figure 3. Secondary cracks developed at failure of clay 
sample containing a primary crack inclined at 45 degrees 
with respect to the vertical.

Figure 4. Secondary cracks developed at failure of 
a clay sample containing a primary crack inclined at 
60 degrees with respect to the vertical.

Figure 5. Secondary cracks developed at failure of 
a clay sample containing a primary crack inclined at 
75 degrees with respect to the vertical.
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through 5). The plot in Figure 6 has also been done 
for samples having three different water contents.

Figure 6 shows that the inclination of the pre-
existing cracks have a marked influence on the 
compressive strength of the fissured clay samples. 
For the case of the samples with water contents (w) 
between 3 and 15%, Figure 6 shows that the com-
pressive strengths reached minimum values when 
the pre-existing cracks in the samples reached a 
critical angle, β, that varied between 45° and 60°. 
Figure 6 also indicates that for the brittle samples 
(w = 3 to 15%), their uniaxial compressive strength 
increased in value with an increase in water content 
in the clay. This behavior is explained next using 
the type of stresses that caused the failure of the 
samples and the influence of the water content and 
its distribution in the unsaturated clay samples.

3 THEORETICAL ANALYSIS

In order to evaluate the type of stresses that caused 
the failure of the prismatic samples of brittle 
clay containing primary cracks inclined at 15 to 
75 degrees with the vertical, Linear Elastic Frac-
ture Mechanics (LEFM) theory will be used.

3.1 Stresses around pre-existing crack

For an evaluation of the type of stresses that caused 
the secondary cracks in the clay samples (Figures 1 
to 5), the principles of LEFM theory will be used. 
According to Jayatilaka (1979), the tangential 
stress σθ the radial stress σr, and the shear stress τrθ, 
in the vicinity of a pre-existing crack in a sample 
of clay under uniaxial compression, σc (Figure 7), 
can be obtained from the following relationships,

σr =  [1/(2πr)1/2] cos (θ/2){KI [1 + sin2 (θ/2)] 
+ (3/2) ΚΙΙ sinθ − 2ΚII tan (θ/2)} (1)

σθ =  [1/(2πr)1/2] cos (θ/2){KI cos2(θ/2) 
− (3/2) KII sinθ} (2)

τrθ =  [1/2(2πr)1/2] cos (θ/2){KI sinθ 
+ ΚΙΙ(3cosθ − 1)} (3)

where:

KI = σc (πc)1/2 sin2β (4)

and

KII = σc (πc)1/2 sin β cos β (5)

The terms in Equations (1) through (5) are 
shown and defined in Figure 6. KI and KII are the 
stress intensity factors.

The principal stresses σ1 and σ3 and their directions 
can be obtained from the following relationships,

σ1,3 = (σr + σθ)/2 ± {[(σr − σθ)/2]2 + [τrθ]2}1/2 (6)

ψ = (1/2) tan−1[2 τrθ/(σr − σθ)] (7)

λ = ψ + π/2 (8)

where ψ is the angle of inclination with respect 
to the X axis (Figure 7) of the principal plane on 
which σ1 acts. λ represents the inclination with 
respect to the X axis (Figure 7) of the principal 
plane on which σ3 acts. A computer program that 
uses Eqs. (1) through (8) was written in order to 

Figure 6.

Figure 7. System of stresses in the intact clay regions 
near the pre-existing crack.
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Figure 8. Magnitude and direction of the principal 
stresses in regions near and around a pre-existing crack 
inclined at 15 degrees with the vertical. The uniaxial 
stress used was equal to 2000 units of stress (full lines are 
tension, dotted lines are compression).

Figure 9. Magnitude and direction of the principal 
stresses in regions near and around a pre-existing crack 
inclined at 30 degrees with the vertical. The uniaxial 
stress was equal to 2000 units of stress (full lines are ten-
sion, dotted lines are compression).

Figure 10. Magnitude and direction of the principal 
stresses in regions near and around a pre-existing crack 
inclined at 45 degrees with the vertical. The uniaxial 
stress used was equal to 2000 units of stress (full lines are 
tension, dotted lines are compression).

Figure 11. Magnitude and direction of the principal 
stresses in regions near and around a pre-existing crack 
inclined at 60 degrees with the vertical. The uniaxial 
stress used was equal to 2000 units of stress (full lines are 
tension, dotted lines are compression).

CAICEDO.indb   380CAICEDO.indb   380 12/27/2012   5:00:14 PM12/27/2012   5:00:14 PM



381

plot the magnitude and direction of the principal 
stresses σ1 and σ3 in regions near and around the 
cracks of Figures 1 through 5. The plot of the 
principal stresses and their directions are shown in 
Figures 8 through 12.

3.2 Type of stresses

An analysis of Figures 8 through 12 indicates dis-
tinctive zones of high tensile stresses develop on the 
left section of the upper tip and on the right section 
of the lower tip of the pre-existing crack. These 
areas of tensile stresses coincide with the location 
of secondary cracks that the samples developed 
and shown in Figures 1 through 5. Thus, the failure 
of the samples started in the zones of tension and 
not in the zones of compression since is known 
that clays are weaker in tension and stronger in 
compression. Recent research conducted by Vesga 
et al. (2008) that used DEM to study crack prop-
agation in clays have found similar results as the 
findings outlined in the present study.

4 BEHAVIOR OF THE UNSATURATED 
FISSURED CLAYS

In order to explain why the brittle fissured clay 
samples experience an increase in uniaxial com-
pressive strength with an increase in water content, 

Figure 12. Magnitude and direction of the principal 
stresses in regions near and around a pre-existing crack 
inclined at 75 degrees with the vertical. The uniaxial 
stress used was equal to 2000 units of stress (full lines are 
tension, dotted lines are compression). the amount of water and its distribution in the 

samples will be used.
According to Schubert et al. (1965) and Kim and 

Hwang (2000) the state of water saturation in soils can 
be either pendular, funicular or saturated (Figure 13). 
The amount of water in the unsaturated samples 
increased in value as well as in its distribution in the 
samples from the pendular, funicular and finally in 
the saturated state. These states create negative pore 
water pressures in the samples. The effect of the nega-
tive pore water pressures is to pull together the clay 
particles in the samples. This pulling together of the 
clay particles by the negative pore water pressures 
will make the samples more resistant against failure 
in tension (Figures 8 to 12 show tension zones in the 
samples). Also the higher the water con-tent in an 
unsaturated sample, the larger the number of clay 
particles affected by the negative pore water pressures 
and thus the larger the tensile strength of the tensile 
strength of the samples. As the sample become close 
to saturation (w ≈ 25%), the samples tend to develop 
positive pore water pressures when subjected to com-
pression. These positive pore water pressures will cause 
a decrease in compressive strength in the samples.

Recent reports by Vesga and Vallejo (2005, 
2006) on the tensile strength of unsaturated kaoli-
nite samples with varying degrees of water content 
seem to substantiate the previous contention. Vesga 
and Vallejo (2005, 2006) conducted direct and indi-
rect tensile strength tests on samples of kaolinite 
with different water contents. The indirect tensile 
tests were of the Brazilian type. Figure 14 shows 

Figure 13. Degree of saturation in unsaturated soils: 
(a) pendular, (b) funicular, and (c) saturated (after 
Schubert et al., 1975).

Figure 14. Direct and indirect tensile strength tests on 
kaolinite clay samples (Vesga & Vallejo, 2005, 2006).
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the type of tensile strength tests conducted by 
Vesga and Vallejo (2005, 2006), Figure 15 shows 
the results of the strength tests in function of the 
water content in the samples.

An analysis of Figure 15 shows that as the degree 
of saturation increases in the unsaturated samples 
(from pendular to funicular), the tensile strength of 
the samples increases. An increase in tensile strength 
in the samples will also represent an increase in 
uniaxial compressive strength (Figure 6). Figure 15 
also shows that as the water content in the samples 
reaches the saturation value (w ≈ 25%), the tensile 
strength of the samples decreased in value with an 
increase in water content.

5 CONCLUSIONS

Laboratory and theoretical investigations designed 
to understand the effect of fissures in unsaturated 
samples of clay subjected to unconfined compres-
sion strength tests indicated the following:

1 The inclination of cracks in unsaturated fissured 
clays had a marked influence on their unconfined 
compressive strength. There is a critical crack 
inclination in a sample that corresponds with its 
minimum unconfined compressive strength. If the 
crack inclination increases or decreases from this 
critical one, the unconfined compressive strength 
always increases. The critical crack inclination is a 
function of the water content in the clay sample.

2 Cracks in unsaturated clays under uniaxial 
compression induce tensile stresses in the intact 
material surrounding the cracks. These tensile 
stresses cause the clay to fail in tension, with 
secondary cracks being the end result. Linear 
Elastic Fracture Mechanics (LEFM) theory 
predicted very well the formation and propaga-
tion of these secondary tensile cracks.

3 The secondary tensile cracks originated at 
the tip or edges of the pre-existing cracks and 
extended in a direction parallel to the direction 
of the uniaxial compressive stress.

4 It was determined that the uniaxial compressive 
strength of the unsaturated fissured clay sam-
ples increased in value with an increase in their 
un-saturated water content. This result can be 
explained by the negative pore water pressures 
induced in the samples when their water con-
tent increased from a pendular to a funicular 
state. Indirect and direct tensile strength tests in 
clay samples indicated that their tensile strength 
increased in value as their unsaturated water 
content increased in value from a pendular to 
a funicular state. An increase in tensile strength 
with water content will represent an increase 
in un-confined compressive strength in the fis-
sured clay samples.
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Fractal evaluation of the fragmentation of clays due to desiccation

L.E. Vallejo
Department of Civil and Environmental Engineering, University of Pittsburgh, Pittsburgh, USA

ABSTRACT: The evolution of cracks in clays as result of desiccation is studied. When desiccation 
starts, few cracks form. With time, these original cracks interconnect producing the fragmentation of the 
clay. At the end of the fragmentation process, the clay is formed of fragments of different sizes. The frag-
mentation fractal dimension (Dd) concept from fractal theory is used to measure the size distribution of 
the fragments. The fractal analysis was conducted on bentonite clay samples desiccated in the laboratory 
and on the giant desiccation clay polygons located in the southwestern part of the United States. These 
polygons have three very distinctive shapes: regular random, irregular random and orthogonal polygon. 
The Dd was equal to 2.21 for the regular random polygons, 1.96 for the irregular random polygons, and 
3.894 for the orthogonal desiccation polygons. The effect of fragmentation on the type of landslides that 
the desiccated clays could develop is also discussed.

width, and 2.5 cm in depth. The clay slurry in the 
container measured 36 cm in length, 28.5 cm in 
width, and 1 cm in depth. The open face of the 
container allowed photographic recording of the 
evolution of cracking in the clay during the desic-
cation process.

2.2 Evolution of temperature induced desiccation 
cracking in clay samples

Figure 1 shows the progression of cracking on 
the free surface of the bentonite clay sample. The 
cracking was the result of water being removed 
by evaporation from the clay sample. This water 
removal caused the desiccation cracking of the clay. 
The water evaporation from the sample took place 
under a constant air temperature that was equal to 
25oC. The first crack developed after 110 hours of 
desiccation and penetrated 0.5 cm into the depth 
of the clay layer [Figure. 1(A)]). The degree of 
cracking shown in Figures 1(B), 1(C), and 1(D) 
was recorded at 114, 123, and 155 hours of desic-
cation respectively. Fig. 2 shows a photograph of 
the clay sample at the end of the desiccation proc-
ess [Figure 1(D)].

The fracture networks in the desiccated clay 
are quite complex. As a result of the temperature 
induced desiccation process, the clay sample first 
developed a series of long isolated cracks that 
affected only a small area [Figs. 1(A) and 1(B)]. 
These cracks are the first generation cracks. As 
desiccation time progressed, second generation 
cracks formed.

These cracks are shorter, and connect the 
first generation cracks. The second generation 

1 INTRODUCTION

High temperatures resulting from climatic fluctua-
tions can cause cracking in clays. The cracking in 
the clays is the result of evaporation and shrinkage. 
The present study deals with the formation and the 
evolution of the cracks in clays in the laboratory as 
well as in the field. The level of fragmentation of 
the desiccated clays is measured using the fractal 
dimension concept from fractal theory (Turcotte, 
1986). Also, the effect of the level of fragmentation 
on the type of landslides that the desiccated clay 
areas could develop is also discussed in this study.

2 LABORATORY INVESTIGATION 
OF CRACKING

2.1 Laboratory preparation of samples

To investigate how temperature induced desicca-
tion cracks form, evolve, and interconnect in clays, 
a prismatic sample of bentonite clay was prepared 
in the laboratory. The clay used in the experiments 
had a liquid limit equal to 418%, a plastic limit 
equal to 120%, a shrinkage limit equal to 10%, 
and a specific gravity equal to 2.82. For the experi-
mental investigation, a mixture made of 0.73 kg 
of bentonite clay, 2.73 kg of water, and 0.24 kg of 
calgon (hexametaphosphate used as a clay disper-
sant) was placed in a container where it was mixed 
thoroughly until a uniform slurry was obtained. 
A portion of this slurry was then placed in an open 
faced plexiglass container. The container with an 
open face measured 37 cm in length, 29.5 cm in 
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cracks are orthogonal to the first generation 
cracks. Network connectivity was complete after 
123 hours of desiccation [Fig. 1(C)]. As the desic-
cation time increased, new cracks formed that in 
general were shorter, more diversely oriented, and 
increased network connectivity greatly. These new 
cracks generally defined small, irregular polygonal 
blocks bounded by first and second generation 

cracks [Fig. 1(D)]. Also, at the end of the desicca-
tion process, when most of the water had evapo-
rated from the clay sample, it experienced extensive 
fragmentation [Fig. 1(D)].

3 FIELD INVESTIGATION OF CRACKING

The complex crack pattern depicted in Fig. 1(D) 
has also been reported by Neal et al. (1968) to 
occur in large basin clay playas located in the 
western part of the United States (in the states 
of Nevada, California Arizona and New Mexico) 
under air temperatures in excess of 57o C. These 
temperature induced desiccation cracks not only 
covered the surface of the playas (with areas in 
excess of 15000 m2), but penetrated the playas to 
depths equal to 5 meters. At the end of the desic-
cation cracking, the clay developed polygons that 
were regular random [Fig. 3(A)], irregular random 
[Fig. 3(B)], and orthogonally oriented [Fig. 3(C)].

4 FRACTAL EVALUATION OF THE CLAY 
FRAGMENTATION

Fractal geometry is a relatively new mathematical 
concept developed by Mandelbrot (1977, 1982) to 
quantitatively describe complex patterns in nature 

Figure 1. Evolution of cracks in the laboratory clay 
sample.

Figure 2. Complete fragmentation in the laboratory 
clay sample corresponding to Fig. 1(D) in Figure 1.

Figure 3. Type of cracks in large basin clay pla-
yas: (A) regular random, (B) irregular random, and 
(C) orthogonal (after Neal et al., 1968).
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such as those formed by the cracks in the bentonite 
clay or the clays in the field (Figs. 1 and 3). Recently, 
engineers and earth scientists have successfully used 
concepts of fractal theory to analyze phenomenon 
such as the roughness of rock and soil particles 
and rock joints (Vallejo, 1995; Carr and Warriner, 
1989); the distribution of rock fragments resulting 
from blasting (Perfect, 1997); the persistence of 
fault segments in the earth crust (Hirata, 1989); and 
the structure and distribution of pores in clays and 
sedimentary rocks (Vallejo, 1996; Schlueter et al., 
1997). In this study, fractal theory is used to quan-
tify the degree of fragmentation of the clays when 
the desiccation process is complete [Figs. 1(D), 2, 
and 3]. The degree of fragmentation is obtained 
using the fragmentation fractal dimension.

4.1 Degree of fragmentation in the clay samples

Grain size distribution of naturally occurring soils 
have been found by Tyler and Wheatcraft (1992) 
and Hyslip and Vallejo (1997) to be fractal. Accord-
ing to Mandelbrot (1977, 1982) and Turcotte (1986) 
the distribution of grains by size in a natural soil 
can be obtained using the following equation:

N(D > d) = kd−Dd (1)

where N(D > d) is the total number of particles (N) 
with linear dimension D (diameter of the particle) 
greater than a given size d; k is a proportional-
ity constant; and Dd is the fragmentation fractal 
dimension of the size distribution of the grains. 
The distribution of sizes in the soil will be reflected 
in the values of Dd. In the present study, the soil 
grains are represented by the clay fragments after 
complete fragmentation of the clay as shown in 
Figures 1(D), 2, and 3.

In order to obtain the fragmentation fractal 
dimension Dd for Figs. 1(D) and 3, one plots in a log-
log paper the number of fragments (N) in the sample 
with diameter larger than certain value d, versus the 
diameter of the fragment d [Eq. (1)]. One then draws 
the best fitting line through the plotted points. The 
absolute value of the slope of the line represents the 
fragmentation fractal dimension value, Dd (Turcotte, 
1986). Following this procedure, the fragmentation 
fractal dimension has been obtained for Figure 1(D) 
and is shown in Figure 4. The fragmentation frac-
tal dimension for the cases shown Figure 3 was also 
obtained following the same procedure and are 
shown in Figures 5, 6, and 7.

An analysis of Figures 4, 5, 6, and 7 indicates that 
the best fitting lines that are used to obtain Dd have 
reasonable correlation coefficients (R2). These cor-
relation coefficients vary between 0.711 and 0.987.

Figures 5, 6 and 7 show that most of the data 
plotted in the middle portion of the graphs within 

Figure 5. Fragmentation fractal dimension Dd = 2.21 
(correlation coefficient R2 = 0.723) for clay desiccation 
shown in Figure. 3(A).

Figure 4. Fragmentation fractal dimension Dd = 3.61 
(correlation coefficient R2 = 0.987) for clay desiccation 
shown in Figures. 1(D) and 2.
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clay. The cracked samples shown in Fig. 2 and 3(C) 
have this type of size distribution.

If  rain takes place, water will mix with the 
smaller clay fragments producing mud. The larger 
fragments will remain relatively intact. If  the mix-
ture of mud (or water) and large clay fragments are 
located on a slope, the mixture will move as either 
a mudflow or a debris flow. The mixture that origi-
nally had a fragmentation fractal dimension greater 
than 3 will become a mudflow because the sample 
was originally controlled by the smaller clay frag-
ments that will readily mix with the rain water pro-
ducing a liquid mud that will contain some large 
clay fragments. The large clay fragments will be 
dispersed in the muddy matrix. An example of this 
type of mudflow structure was found on a slope 
in the London Clay at Beltinge, North Kent and 
was recorded by Skempton and Hutchinson (1969) 
and is shown in Figure 8. Figure 8 shows the fabric 
of the mudflow composed of a muddy matrix in 
which large clay fragments are in dispersion.

When the cracked clay has a fragmentation 
fractal dimension between 0 and 3, the larger clay 
fragments will control the size distribution of the 
fragmented clay. After rain takes place, a mixture 
of water and clay fragments will result. If  this 
mixture

is located on a slope, a potential failure will be 
made of a mixture of large clay fragments and water 
resembling that of debris flow. With time, however, 
due to the slaking in water of the large clay frag-
ments, part of these fragments will mix with the 
water producing as a result a mudflow structure, 

Figure 6. Fragmentation fractal dimension Dd = 1.96 
(correlation coefficient R2 = 0.711) for clay desiccation 
shown in Figure 3(B).

Figure 7. Fragmentation fractal dimension Dd = 3.894 
(correlation coefficient R2 = 0.811) for clay desiccation 
shown in Figure 3(C).

Figure 8. Fabric of a mudflow in the London Clay at 
Beltinge, North Kent (after Skempton and Hutchinson, 
1969).

a range of fragments that varied between 5 and 
15 meters in diameter. This indicates that the 
majority of the fragments had average diameters 
that vary between 5 and 15 meters, with a few frag-
ments outside this range. Thus, the best fitted lines 
represent the fragmentation fractal dimension for 
the mentioned range of clay fragments.

5 INFLUENCE OF THE 
FRAGMENTATION OF THE CLAYS 
ON THE TYPE OF POTENTIAL 
LANDSLIDES

According to Tyler and Wheatcraft (1992), when 
the fragmentation fractal dimension Dd is between 
0 and 3, it indicates a greater number of larger 
fragments in the size distribution of fragmented 
clay. The cracked samples shown in Figs. 3(A) 
and 3(B) have this type of size distribution. When 
the fragmentation fractal dimension Dd is greater 
than 3, it indicates a greater number of the smaller 
fragments in the size distribution of fragmented 
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that is, a muddy matrix in which the survivor large 
clay fragments are dispersed (Figure 8).

6 CONCLUSIONS

The present study deals with the formation and the 
evolution of the cracks in clays in the laboratory as 
well as in the field. The level of fragmentation of 
the desiccated clays is measured using the fractal 
dimension concept from fractal theory. Also, the 
effect of the level of fragmentation on the type 
of land-slides that the desiccated clay areas could 
develop is also discussed in this study. From this 
study, the following was determined:

1. Clay samples in the laboratory and in the field 
as a result of evaporation induced by high 
temperatures develop cracks in their structure. 
These cracks produced the complete fragmenta-
tion of the clays.

2. After complete fragmentation, the clay samples 
studied developed a size distribution of frag-
ments that is fractal in nature.

3. The fragmentation fractal dimension of the 
cracked clays varied in value between 1.96 and 
3.894. Fragmentation fractal dimension values 
between 0 and 3 represents samples that are 
controlled by larger clay fragments. Fragmenta-
tion fractal dimension values greater than 3 rep-
resents samples that are controlled by smaller 
clay fragments.

4. Fragmented clays with fragmentation frac-
tal dimension values between 0 and 3 have the 
potential to develop into debris flows. Frag-
mented clays with fragmentation fractal dimen-
sion values greater than 3 have the potential to 
develop into mudflows.
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propagation path in brittle clays subjected to uniaxial compression
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ABSTRACT: In this study, the evolution of crack propagation in specimens that are subjected in the 
laboratory to a uniaxial compressive stress and that have a pre-existing crack inclined at 60° with respect 
to the uniaxial compressive stress direction was modeled using theoretical and numerical analyses. The 
theoretical path analyses used the direct tensile-shear strength of the soil, the LEFM, the proximity to 
failure concept and the incremental crack propagation analysis. The numerical analyses used the DEM 
method implemented in the PFC2D V3.0 computer program. The theoretical and numerical analyses 
predict very well the crack propagation path of the pre-existing crack.

shear strength components in the crack propaga-
tion analyses. Thusyanthan et al. (2007) proved in 
the laboratory that crack initiation on kaolinite 
beams subjected to flexion occurs by at points sub-
jected to tension and shear.

In this study, laboratory tests as well as theoreti-
cal and numerical analyses were used to analyze the 
evolution of crack propagation in specimens that 
are subjected to a uniaxial compressive stress. The 
crack propagation path follows a line of points 
subjected to combination of tensile and shear 
stresses which produce the contact bonds between 
particles to break and the crack to propagate.

The theoretical analyses used the Direct Shear and 
Tensile (DTS) strength of the clay, the Linear Elastic 
Fracture Mechanics (LEFM), the proximity to failure 
concept (Bourne and Willemse (2001), and the crack 
incremental analyses (Sih and de Oliveira, 1984). The 
numerical analyses used the Discrete Element Method 
(DEM). Very good agreement was found between the 
predicted numerical and theoretical crack propaga-
tion path and the laboratory results.

2 SWCC AND EES

The soil water characteristic curve (SWCC) of the 
soil used in this research is presented in Figure 1. 
The EES in an unsaturated soil as defined by Cho 
and Santamarina (2001) is the capillary force act-
ing between two particles (F) divided by the effec-
tive area that corresponds to that contact (Aeff).

1 INTRODUCTION

Cracks can be formed or exist in clays during des-
iccation, swelling and shearing processes. Cracks 
decrease the resistance of soils because they pro-
duce stress concentrations at the crack tips. Open 
cracks also increase the hydraulic conductivity 
affecting projects that require water barriers such 
as dams, reservoirs and landfills.

The propagation of cracks in stiff  clayey soils 
has been previously studied in the laboratory and 
analyzed theoretically and numerically. Linear 
Elastic Fracture Mechanics (LEFM) theory and 
laboratory tests on brittle kaolinite clay specimens 
having a pre-existing primary crack have been used 
by Vallejo (1993) and Bobet et al. (1998) to study 
crack propagation in soils.

Bobet et al. (1998) mentions that the theoretical 
models are, in general, based on three fundamental 
theories: the maximum tangential stress (Erdogan 
and Sih, 1963), the maximum energy release rate 
theory (Hussain et al., 1974), and the minimum 
energy density theory (Sih, 1974). These methods 
reasonably predict tensile crack initiation in tension 
and in compression, but they have been unsuccess-
ful for shear crack initiation (Bobet et al., 1998) 
and do not properly predict the crack propagation 
path in compression (Vesga, 2005).

Crack numerical models have been recently 
developed by Vásárhelyi and Bobet (2000), Vogel 
et al. (2004), Svahn et al. (2006), Cervera and 
Chiumenti (2006) for incorporating tensional and 
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Inter-particle forces acting in unsaturated soils 
are divided in three different groups by Lu and 
Likos (2006). Active skeletal forces, local forces, 
and passive particle-particle contact forces form 
these groups. The local forces include physico-
chemical forces as van der Waals forces (VDW), 
electrical double-layer forces, cementation forces, 
and capillary forces. Scott (1963), Lambe & 
Whitman (1969), Kézdi (1974), and more recently 
Santamarina et al. (2001) present detailed descrip-
tion of origin of inter-particle forces in soils.

The capillary attraction force is the most 
important force type acting in usaturated soils 
and is produced from two components (Cho and 
Santamarina, 2001; Lu and Likos, 2006). As deter-
mining the individual resultant force in each one of 
all the different contacts in a soil is almost impos-
sible, direct tensile tests can be used to measure the 
sum of forces from all contacts acting together in 
a cross-sectional area of the soil, and extend these 
results to determine the EES.

As there is no confinement in the tension tests, 
the total stress is zero and the only stress acting 
in the soil is the equivalent effective stress EES, 
which represents the combination of forces acting 
between particles in a cross section of a soil. The 
EES in a soil is defined as

EES
F
A

pFF
=

∑

 
(1)

where Fp is the force component of the sum of inter-
particle forces acting in a cross section of a soil that 
is parallel to the considered direction of EES and 

A is the normal total area of the cross—section 
considered. This concept is very helpful in under-
standing the strength of soils subjected to suction.

3 DTS STRENGTH

The Direct Tensile and Shear (DTS) strength is the 
soil strength when it is subjected to simultaneous 
tensile and shear stresses. The procedure for deter-
mining the DTS strength in soils is presented by 
Vesga (2009) however a general description of the 
test method is presented below.

3.1 Equipment description

The DTS apparatus measures the tensile-shear 
strength of unsaturated clays. The apparatus is com-
posed of two clamps through which a transverse 
force to a pre-tensioned bowtie-shaped specimen is 
applied (see Figure 2). The tensile force is applied 
using a MTS hydraulic testing machine and the shear 
force is applied using two calibrated, instrumented 
and parallel springs located at the front and back of 
the specimen and applying a centralized load that 
prevents torsion in the specimen. The DTS device 
including the specimen is maintained inside a plastic 
membrane in order to maintain constant water con-
tent during the test (see Figure 2). A selected tensile 
force is applied to the specimen and maintained at 
a constant level while a shear force is applied and 
increased until the sample fails.

3.2 Specimen neck stresses in the DTS test

The average tensile and shear stresses in the hori-
zontal plane of the neck are given by

σ y sσ T Ass= /T AA
 

(2)

τ xyτ f sAssSf= /AA
 

(3)

where T is the tension force, Sf is the failure shear 
force, and As is the cross sectional area of the neck. 
Analyses of Mohr diagrams show that the fail-
ure occur by tension even if  the failure is induced 
applying a shear stress in the pre-tensioned speci-
men. Figure 3 shows the relationship between the 
applied vertical and shear stresses in the specimen’s 
neck of specimens at an average water content of 
15% (water distribution in the complete-pendular 
state). A good linear relationship can be observed 
and also that as higher the tensile stress applied the 
lower the shear stress to produce failure.

Five triaxial tests were performed over prismatic 
kaolinite samples prepared with the same proce-
dure used for the DTS tests. The air phase in the tri-
axial tests was maintained at atmospheric pressure 

Figure 1. SWCC of the clay utilized in the research.
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during the tests (drained) and the water content 
remained constant. No special technique was used 
to provide an air drained phase different to the con-
figuration of a traditional triaxial drained test; the 
only difference is that the soil is unsaturated. triax-
ial tests results show a failure envelope inclined 25° 
with respect to the horizontal which represents the 
total stress friction angle. However, this is the same 
effective friction angle of this clay.

If the total stress friction angle in the unsatu-
rated triaxial test is the same value of the effective 
stress friction angle of the material, consequently no 
excess pore water pressure was developed during the 

loading process in the unsaturated triaxial tests. This 
occurs because the clay has a pore water distribution 
in the complete-pendular state and variations of 
suction in this state produce no influence in the EES 
(Vesga, 2008 and 2009). If this hypothesis is true 
then by analogy it is possible to say that no excess 
pore water pressures developed in the DTS tests 
since the soil is in such complete-pendular state. In 
consequence, Mohr diagrams using results from tri-
axial unsaturated air-drained and constant-moisture 
tests can be plotted together with the DTS tests 
results (Figure 4). In total, there are results from 
nine tests that closely match a failure envelope that is 
a combination of a straight (frictional) portion with 
an inclination angle equal to the friction angle of the 
kaolinite and a circular sector in the tension zone.

Figure 5 shows the detail of this Mohr-Coulomb-
Tensile failure envelope near the origin of stresses. 
There is a unique Mohr circle of total stresses that 
represents the state of failure by shear and by tension 
at the same time and has a center at pt and a radius qt 
given by the following expressions (Vesga, 2009).

pt
t=

−

σ ϕt c− ⋅c

ϕsin1  
(4)

qtq
c t=

⋅

−

co sts in
sin

ϕ σt− ϕ
ϕ1  

(5)

By using the above expressions, it is now possible 
to define the Mohr-Coulomb-Tensile failure enve-
lope of a soil when the angle of internal friction, 
the apparent cohesion intercept, and the tensile 
strength are known. These expressions are valid for 
tests on samples which do not develop excess pore 
pressures during the tests (Vesga, 2009).

Figure 5 presents also the Mohr-Coulomb- 
Tensile failure envelope in terms of effective stresses 
which results from displacing horizontally the total 
stress failure envelope a distance equivalent to the 
EES due to the soil unsaturation.

Figure 2. Direct tensile and shear (DTS) test device 
(Adapted from Vesga, 2009).

Figure 3. Vertical normal stress (σy) and horizontal 
shear stress τxy at failure in the specimen’s neck.

Figure 4. Failure envelope from DTS tests and unsatu-
rated triaxial tests (total stresses). The unsat tests are for 
constant water content at w = 15% and air drained. The 
Mohr’s circles for DTS are those for which the minor 
principal stress is negative. (Adapted from Vesga, 2009).

CAICEDO.indb   391CAICEDO.indb   391 12/27/2012   5:00:18 PM12/27/2012   5:00:18 PM



392

4 LABORATORY TESTS

The laboratory tests of crack propagation used 
prismatic pre-fissured specimens of brittle kaoli-
nite clay subjected to uniaxial compression follow-
ing the procedure presented by Vallejo (1986). The 
primary crack had an inclination angle (β) of 60º 
with respect to the vertical. The specimens had a 
moisture content of 15% and a degree of satura-
tion of 51%. The moisture content corresponds to 
a pore water distribution in the complete-pendular 
state. Figure 11a presents the results from the labo-
ratory tests. The secondary crack propagates from 
the pre-existing crack tips following a curved path 
until the cracks reach the direction of the applied 
maximum stress. Similar results can were observed 
by Vallejo (1986).

5 LEFM

According to Linear Elastic Fracture Mechanics 
(LEFM) theory, a crack or fissure in clay can be 
stressed in three different modes as is shown in 
Figure 6 (Vallejo, 1994). The stress normal to the 
crack walls produce a Mode I type of cracking for 
which the disarrangements of the crack surfaces are 
perpendicular to the plane of the crack. The Mode 
II type of cracking is produced by shear stresses 
along the crack plane and causes the walls of the 
crack to slide in the crack plane. The Mode III is 
the tearing mode and crack dislodging is caused by 
out of-plane shear stresses. Cracks can propagate 
in materials as a result of one or a combination of 
two or three type modes (Vallejo, 1994).

According to LEFM, the tangential stress (σθ), 
the radial stress (σr) and the shear stress (τrθ) in the 
material located in the vicinity of a crack subjected 

to a mixed mode type of loading (Mode I plus 
Mode II) can be obtained from the following rela-
tionships (Vallejo, 1994).

σ
π

θ θ θθ = ⎡
⎣⎢
⎡⎡
⎣⎣

⎤θ
⎦⎥
⎤⎤
⎦⎦

1
2 2 2⎣⎣⎣

3
2rππ

K K
θ

−
32

I I2 2
K IIIcos

⎣⎢⎣⎣
KIK sin

 
(6)
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θrτ θ rππ

= [ ]θ θI IIK θK θ1
2 2

θ −IIKI
 

(8)

Parameters in the equations above are explained 
in Figure 7 and KI and KII are the stress inten-
sity factors for an open crack under Mode I and 
Mode II type of loading and are given by (Vallejo, 
1994):

K cI nK 1 1 2. (n1215 ) /π(n  (9)

K cIIK n1 1 2. (n(1215 ) /π(n  (10)

where σn is the normal stress that acts perpendic-
ular to the plane of the open crack and τn is the 
shear stress that acts parallel to the crack, and c is 
the semi-length of the crack.

The principal stresses can be deducted from 
the tangential, radial and shear stresses presented 
above. The maximum and minimum principal 
stresses and the center (p) and the radius (q) of the 
Mohr’s circle that represents the stresses at a point 
are given by

σ σ σθ θσ
θ1σσ

2
2

2 2
= +

+⎛⎛
⎝
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⎝⎝
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( )σ σθσ σσ + ( )τ θ
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p q =
( )+ ( )++ ++ 1 3+

2 2
q

 
(13 and 14)

Figure 5. Mohr-Coulomb-Tensile failure envelope in 
terms of total and effective stresses that is a combined 
straight line and a sector of a circle. The circle represents 
the state of stresses at failure that occurs simultaneously 
by shear and by shear and by tension (Adapted from 
Vesga, 2009).

Figure 6. The three modes of cracking (Vallejo, 1994).
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6 PROXIMITY TO FAILURE CONCEPT

The proximity to failure concept proposed by 
Bourne and Willemse (2001) consists basically in 
that the failure of the material would occur by the 
failure mode for which its failure envelope is closer 
to the Mohr’s circle of stresses. In Figure 8, the 
proximity to failure by shear and tension are repre-
sented by v and w as per Eq. 15 and 16

v tp qt ×tpt sinϕ  (15)

w t= σ σt − 3σσ
 

(16)

After the failure envelope is determined, the 
proximity to failure concept is applied. The mate-
rial is analyzed before it fails. Figure 8 shows the 
Mohr-Coulomb-Tensile curved envelope and three 
Mohr’s circles that represents different state of 
stresses around and close to a crack tip. The prox-
imity to failure (w) of the circle 1 is by tension. The 
proximity to failure (v) of circle 2 is by shear.

There is another state of stresses represented by 
the circle 3 that is very critical because has proxim-
ity by tension and by shear at the same time. This 
hypothesis is proposed by Vesga (2005) for estab-
lishing the direction of the primary pre-existing 
crack propagation. The point close to the crack 
tip at which the propagation of the primary crack 
starts is the one that has a state of stresses for 
which the material fails by tension and by shear 
at the same time (w = v). The hypothesis is called 

Mixed Tension and Shear Stress (MTSS) criterion. 
Figure 9 shows the angle of crack propagation α as 
a function of the primary crack inclination angle 
β derived from the MTSS criterion for specimens 
that are subjected to uniaxial stress.

7 THEORETICAL CRACK PROPAGATION

Sih and de Oliveira (1984) proposed a methodol-
ogy for analyzing the secondary crack propagation 
path of pre-cracked specimens. At the moment at 
which the crack propagation occurs, new crack tips 
are developed that are separated a distance from 
the former crack tips. A new equivalent straight 
crack is considered as formed between the new tips 
(Fig. 10). The incremental analysis consists in con-
sidering a new crack with a small arbitrary crack 

Figure 7. Tangential, radial, shear stresses around a 
crack tip.

Figure 8. Tangential radial and shear stresses around a 
crack tip.

Figure 9. Crack propagation angle derived using the 
MTSS criterion.
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length (Δl ) that propagates in the direction of the 
theoretical crack propagation angle (α) presented 
in Figure 9.

The new tips are separated a given distance from 
the former crack tips and a new, equivalent, straight 
crack is formed. With incremental analysis, a new 
crack with a new length (c1) and orientation (β1) 
that depends on the length (c0) and orientation (β) 
of the previous equivalent crack is presumed. The 
process is repeated again and again with succes-
sive small length increments (Δl ) of the secondary 
propagated crack. The equations resulting from 
Figure 10 are

c l1 0
2 2l( cl0c +c0c os ) ( n )l α ll) ( sin )

 (17)

Δ
Δβ α
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−sin sin1

1

l
c

 
(18)

The theoretical analyses of crack propagation 
use EES, DTS, LEFM, proximity to failure con-
cept, and crack incremental analysis. The MTSS 
criterion of crack propagation angle presented in 
Figure 9 was developed using the first four con-
cepts. Applying the MTSS criterion and the crack 
incremental analyses (Eq. 17 & 18) the theoretical 
crack propagation path presented in Figure 11b 
was derived. Crack length increments equivalent to 
10 percent of the primary crack length were utilized 
in the analyses. The theoretical analyses represent 
very well the crack propagation path observed in 
the specimens tested in the laboratory (Fig. 11a).

8 DEM ANALYSES

The DEM analyses of the pre-fissured specimens 
used PFC2D V3.0 program (Itasca, 2002). The 
simulated specimens were generated by more than 
9000 equal sized disk particles (Vesga, 2007). DEM 

can be used in the simulation of continuum materi-
als such as rocks and clays (Itasca, 2002) if  contact 
bonds between the DEM particles are implemented. 
For each bond, PFC2D uses a normal tensile and a 
shear maximum load as well as normal and shear 
stiffness (Itasca, 2002). When a contact bond 

Figure 10. Incremental crack growth initiated from an 
inclined primary crack.

Figure 11. Comparison of laboratory tests results and 
theoretical and numerical analyses of crack propagation.
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breaks, a separation between particles occurs. The 
modeling used a uniaxial compression stress level 
(σc) high enough to produce a crack propagation 
path clearly visible. Figure 11c presents the results 
obtained. The DEM analyses predicted very well 
the crack propagation path observed in the labo-
ratory and the path predicted with the theoretical 
analyses

9 CONCLUSIONS

Theoretical and numerical analyses were per-
formed to study how cracks propagate in brittle 
clay. The theoretical analyses used the Linear Elas-
tic Fracture Mechanics, the direct tensile-shear 
(DTS) resistance of the clay, the proximity to fail-
ure concept and incremental crack propagation 
analyses. The numerical analyses used the Discrete 
Element Method (DEM). The theoretical and 
DEM results were compared with those obtained 
in laboratory samples. The laboratory tests used 
stiff  clay samples with one crack inclined 60° with 
respect to the uniaxial stress direction. The crack 
propagation path resulting from the theory, the 
DEM, and the laboratory results compared very 
well. The crack propagation path is formed by 
points subjected to critical combinations of tensile 
and shear stresses.
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Crack propagation and threshold strength of fissured clays 
subjected to cyclic loading
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ABSTRACT: The mechanics of crack propagation in clay under uniaxial cyclic stresses is presented. 
Prismatic samples of kaolinite clay with induced cracks at different inclination angles were tested. The 
level of uniaxial stress at which the cracks do not propagate (the threshold strength) is investigated. 
The samples with the induced cracks were unsaturated with water contents variable between 3% and 25%. 
The strength of the samples to cyclic loading was found to vary with water contents because the capillary 
effects in the samples. The tests also indicated that the pre-existing cracks in the clay samples propagated 
from their tips in a direction parallel to the applied uniaxial compressive stress. In addition, the threshold 
strength at which the cracks did not propagate in the samples varied between 30% and 70% of the static 
stress that caused the sample failure.

Sherard (1973) reports 15 cases of embankment 
dam cracking that have occurred around the world. 
He notes that 150 to 300 small dams (20–75 ft. high) 
are constructed in the United States each year and 
that most of the cracking in the dams in the U.S. 
results from embankment soils that are especially 
brittle and so susceptible to cracking.

Clay deposits subjected to desiccation often 
develop in-tense cracking that extends deep below 
the surface. Arizona, Mexico City and Bogota are 
examples of areas particularly affected by such 
deep cracking. Vesga et al. (2003) found inten-
sive deep cracking in the high plastic Bogota 
(Colombia) clay deposit that affects a flat area of 
90000 ha located in a zone characterized by high 
seismic hazard: hundreds of kilometers of road-
ways and hundreds of small buildings in this area 
have been severely damaged or collapsed as a result 
of deep cracking caused by desiccation.

The present research addresses the question of 
what happens to fissured soil deposits when they 
are subjected to dynamic loading such as that gen-
erated by earthquakes, wave action, traffic load, or 
machinery vibration.

2 PREVIOUS RESEARCH

Vallejo (1986, 1988, 1989, 1994) and Vallejo and 
Shettima (1995) report several important findings 
related to the behavior of clays with pre-existing 

1 INTRODUCTION

Over-consolidated clays and shales forming part 
of the core section of zoned earth dams and natural 
slopes have been found to exist in the fissured state 
(Bishop, 1967; Covarrubias, 1969; Duncan and 
Dunlop, 1969; Marsland, 1972; Morgenstern, 
1977; Peterson et al., 1966; Rizkallah, 1977; 
Sherard, 1973; Skempton, 1964; Skempton and 
La Rochelle, 1965; Terzaghi, 1936; Vallejo, 1986; 
Williams and Jennings, 1977). According to Cov-
arrubias (1969), fissures or cracks exist in the core 
section of earth dams as a result of deformation of 
the materials in the dam or in the foundation due to 
their weight; abrupt changes in the cross section of 
a valley; large deformations caused by saturation 
of the materials in the dam; excessively rapid fill-
ing of the reservoir that causes high rates of strain, 
especially of the materials undergoing substantial 
movement upon saturation; large transient stresses 
caused by earthquakes; large differences in stress-
strain properties of materials in adjacent zones or 
layers. In the case of stiff  clays forming natural 
slopes, Williams and Jennings (1977) found that 
fissures develop as a result of a variety of proc-
esses, the most important of which are: consolida-
tion, swelling of the clay as a result of a decrease in 
overburden pressure, chemical reactions in the clay 
that induce volume distortions, tectonic stresses, 
desiccation of the clay, weathering process inher-
ited from bedrock and large lateral stresses.

CAICEDO.indb   397CAICEDO.indb   397 12/27/2012   5:00:24 PM12/27/2012   5:00:24 PM



398

cracks. Vallejo and co-workers did several tests using 
rectangular kaolinite specimens with single or mul-
tiple cracks prepared in accordance with a special 
process that he developed; cracks of different orien-
tations and specimens with different water contents 
were used. The specimens were subjected to monot-
onic uniaxial, biaxial, triaxial and shear stress fields. 
The research used Linear Elastic Fracture Mechanics 
(LEFM) to theoretically study the tension and com-
pression stress concentrations around the cracks.

Four important conclusions can be derived 
from their findings as follows. (1) The critical pre-
existing crack inclination, which corresponds to 
the condition of the lowest compression strength 
for crack propagation, varies between 45º and 60º 
with respect to the direction of the applied prin-
cipal stress. (2) The maximum tangential stress 
criterion for a sharp crack of the type earlier pro-
posed by Erdogan and Sih (1963) was used to pre-
dict the angle between the pre-existing crack plane 
and the crack propagation direction; this criterion 
was selected by Vallejo et al. (1995) as the closest 
to their findings between of all the criteria that 
were applied; (3) Fissures propagate as a result of 
constant compressive stresses (creep), which are 
much less than the crack-propagation compression 
strength of monotonically loaded clays (Vallejo and 
Shettima, 1997). (4) Multiple cracks will make the 
clay weaker, especially if  superposition of tensile-
stress concentration zones develops (Vallejo, 1994).

Lefebvre et al. (1988) studied the cyclic undrained 
resistance of non-fissured, intact saturated Hudson 
Bay clay and described the threshold as the stress 
level below which the soil suffers no failure regard-
less of the number of applied cycles. The research-
ers used the term cyclic stress ratio to describe this 
stress level which relates to both the applied triaxial 
cyclic stress and the triaxial compression strength 
of the intact clay. They found that for the saturated 
Hudson Bay clay, the stability threshold is defined 
by a cyclic stress ratio of between 0.60 and 0.65. 
In a similar way, the stability threshold concept is 
applied in this research to the study of crack propa-
gation in clays under dynamic loads.

3 STABILITY THRESHOLD APPLIED 
TO FISSURED CLAYS

The stability threshold research will now be 
extended to fissured clays. The laboratory tests 
for this research focused on specimens of fissured 
clays that were subjected to cyclic loads; the loads 
applied were just a fraction of the static loads that 
caused the failure of the clay (Vesga, 2005). The 
research investigated the influence of the resulting 
fatigue on the propagation of cracks in unsatu-
rated kaolinite clay and on the threshold stress with 

respect to cyclic loads levels below which the cracks 
do not propagate. Samples of fissured clays were 
subjected to uniaxial cyclic stress conditions. The 
cyclic stress ratio was defined as the ratio between 
the applied deviator dynamic vertical stress (σd) on 
a fissured specimen and the monotonic compres-
sion strength (σu) of a similar specimen having the 
same water content and crack geometry. The cyclic 
stress ratio is given as:

rdrr
d

u
=

σ d

σ  
(1)

The purpose of the dynamic-load testing was to 
find the threshold load (fraction of the static load), 
expressed as the cyclic stress ratio rd, at which, 
regardless of the number of cycles applied, there is 
no crack propagation in an unsaturated kaolinite 
clay subjected to dynamic loading conditions.

4 DESCRIPTION OF LABORATORY TESTS

Prismatic kaolinite specimens were prepared for 
the tests. The liquid, plastic and shrinkage limits 
of the kaolinite are 44, 26 and 24 respectively and 
the specific gravity is 2.59. The SWCC curve of 
the clay used in this research is described by Vesga 
(2008). The sample preparation was done with the 
following process:

1. Mixing the dry powdered kaolinite with distilled 
water to moisture content of 40% and until a 
smooth and uniform paste was obtained.

2. Casting the paste into molds (prismatic of 
7.5 cm × 7.5 cm × 2.5 cm or cylindrical 6.35 cm 
in diameter and 2 cm thick).

3. Applying a vertical pressure of 30 kPa for con-
solidation during 24 hours in a closed environ-
ment with 75% of relative humidity (RH).

4. Extracting the specimens from the molds and 
inducing the primary crack with inclination 
angles of 15º, 30º, 45º, 60º and 75º with respect 
to the horizontal; samples were still saturated 
during this stage. Each crack was made using 
a blade which produced a crack having a length 
of 25 mm and a thickness of 1 mm.

5. Subjecting the specimens to a drying process 
into an environment with a RH ∼30%.

6. After each specimen reached the desired mois-
ture content (between 2% and 34% with inter-
vals of around 3%) it was stored into a plastic 
membrane during a minimum 24 hour period 
in order to obtain equilibrium of the moisture 
through the sample.

Uniaxial constant water content tests were 
done using both intact and pre-cracked specimens 
(Fig. 1). Each sample tested was maintained inside 
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a plastic membrane in order to prevent water con-
tent changes during the tests.

A MTS hydraulic compression machine was used 
for the dynamic loading tests. The purpose of these 
tests was to find the threshold cyclic stress ratio 
(fraction of the ultimate static strength) at which 
there is no crack propagation under dynamic load-
ing conditions regardless of the number of applied 
cycles. The cyclic stress ratio rd was defined as the 
ratio between the applied dynamic vertical stress 
and the ultimate monotonic compression strength 
of a similar specimen having the same water con-
tent and the same crack inclination. Thus, the 
cyclic axial load was a fraction of the static load at 
which the specimen failed.

Dynamic uniaxial compression tests were per-
formed on pre-fissured specimens. A sine wave 
loading type with a frequency of 1 Hz was applied 
to the specimens. The data acquisition system 
DATAQ ID-194 (Dataq Instruments, 2003) 
recorded the load and deformation of the samples 
occurred during the tests. The level of the cyclic 
stress ratio rd was changed in order to determine 
the crack propagation threshold.

5 RESULTS FROM LABORATORY TESTS

Two stress levels were registered for each uniaxial 
compression loading test performed on fissured 
specimens. With the stress level of σc, crack propa-
gation occurred in the front and rear faces of the 
specimen. Secondary crack initiation was estab-
lished visually with continuous inspection of the 
specimen faces. With the stress level of σu—which 
is the maximum stress specimens’ were able to 
withstand—a shear failure plane appeared in the 
lateral faces of the specimen (Fig. 1).

The ultimate monotonic uniaxial compressive 
strength σu of the intact and pre-fissured specimen 
is presented as a function of the water content in 
Fig. 3. σu for intact specimens and for specimens 
with a crack is very close and this indicates that 
the presence of the primary crack has no effect 
on the ultimate uniaxial compressive strength of 
the tested specimens. A shear failure plane was 
observed in the lateral face of all of the specimens 
(Fig. 1). This indicates that the two types of failure 
occur independently one of each other.

The uniaxial stress that produces the crack 
to propagate (σc) is presented in Fig. 4. Both, σu 
and σc indicate similar curve shapes. The strength 
increases as the soil is dried for moisture contents 

Figure 1. Specimen and failure modes.

Figure 2. Failed specimen. Secondary crack curved to 
follow the direction of the principal stress.

Figure 3. Uniaxial ultimate compression strength in 
intact and cracked specimens σu.
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above 26% (Zone I), the strength is almost constant 
for the intermediate interval between 12% and 26% 
(Zone II) and reduces as the soil is dried below 
12% (Zone III).

Vesga and Vallejo (2006) explain the observed 
variation of the soil strength with the moisture 
content using the concept of equivalent effective 
stress (EES) proposed by Cho and Santamarina 
(2001). Vesga and Vallejo (2006) propose that the 
EES is dependent on the water distribution in the 
pores of the clay: saturated, funicular and pendular 
states as defined by German (1989). All the pores 
within the soil are full of water in the saturated 
state, air penetrates in the soil but water phase is 
still continuous in the funicular state and capillary 
meniscus between particles (discontinuous water 
phase) exist in the pendular state (German, 1989). 
Zone I corresponds to saturated-funicular state, in 
which since the water phase is continuous then the 
strength increases as the suction stress in the soil 
is increased (Vesga, 2008). Zone II corresponds to 
complete-pendular state in which the soil strength 
remains almost constant. Zone III corresponds to 
partial-pendular state in which strength diminishes 
as the water content is reduced below 12%.

Vesga (2005) subdivides the pendular state in com-
plete pendular and partial-pendular states. All the 
contacts between particles in the soil have capillary 
meniscus in the complete-pendular state (Zone II) 
and some capillary contacts break in the partial-
pendular state (Zone III) as the soil is dried. When 
suction is increased in the partial-pendular state the 

soil strength does not change; this statement can be 
supported not only experimentally as shown here, 
but also theoretically (Vesga, 2008). On the other 
hand, a capillary contact can break for two principal 
reasons: cavitation pressure in the water is reached 
as the soil is dried, or the particles forming the con-
tact are separated a distance and the capillary neck 
cannot survive if the water volume is reduced and 
some distance between particle remains. Capillary 
neck breakings produce the soil to be weaker as 
the soils is dried (suction stress is increased) in the 
Zone III. The soil has a minimum resistance after it 
is completely dried; its resistance depends on the van 
der Waals inter-particle attractions (Vesga, 2005).

Soil behavior in the complete-pendular and 
partial-pendular states as explained here in invali-
date the empirical soil strength equations based on 
the suction stress as proposed by several authors. 
In other words, measuring the suction stress in 
soils for evaluating strength or compressibility is 
waste of time if  the soil is in such pendular states. 
Other efforts of expressing the strength in terms 
of tensile strength or the equivalent effective stress 
seem to be more reasonable and scientifically sound 
(Lu, 2008, Lu et al., 2009; Vesga 2008).

Comparison of results from different tests does 
not show important variation of the crack propa-
gation angle with water content. After the second-
ary crack started the propagation, the crack curved 
towards the vertical direction which is the orien-
tation of the principal stress applied on the speci-
mens (Fig. 1 and 2).

The cyclic stress ratio was earlier defined as the 
ratio between the applied dynamic vertical stress 
and the ultimate monotonic compression strength 
of a similar specimen (with the same water content 
and the same primary crack inclination). The pur-
pose of the dynamic loading test was to find the 
threshold load (fraction of the static load) at which 
no crack propagation occurred under dynamic 
loading conditions regardless of the number of 
applied cycles.

Figures 5 and 6 show the obtained results; the 
cyclic stress ratio is expressed as a function of the 
water content in the specimens. The dark points 
in this figure represent the cyclic stress ratios (rd) 
for which crack propagation occurred; the clear 
points represent the cases for which no crack prop-
agation was observed after 7200 cycles of load 
applications.

The general trend observed in these tests was 
that the crack stability threshold is almost con-
stant regardless of the moisture content for water 
contents of less than 26% (complete-pendular and 
partial-pendular states). For water content above 
26% in funicular-saturated state, the crack stabil-
ity threshold diminishes noticeably; at a moisture 
content of 30%, the threshold was found to be as 

Figure 4. Vertical stress producing crack propagation σc.
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low as 0.15. As noted, the reduction in the crack 
stability threshold for high moisture contents is 
very significant and is very possible to be related 
to locally developed pore pressures in the compres-
sion zones (local liquefaction) around the crack 
(stress concentrations around crack tips are evalu-
ated by Vallejo, 1995). These pore pressures can be 
developed when the material is close to saturation 
because the water phase is continuous through the 
clay in the saturated-funicular state.

Pore pressures in unsaturated clays subjected to 
dynamic loading are not easy to be measured and 
even more difficult would be measuring local pore 
pressures around the crack tips in the clay.

6 CONCLUSIONS

The crack stability threshold is defined as the cyclic 
stress ratio rd, at which, regardless of the number 
of cycles applied, there is no crack propagation 
in a clay specimen subjected to uniaxial dynamic 
loading conditions. Uniaxial static and dynamic 
laboratory tests were performed in order to 
measure the crack stability threshold on kaolinite 
clay specimens having a crack at different inclina-
tion angles and different moisture contents. The 
threshold is almost constant under moisture con-
tents of 26% in the complete-pendular and partial-
pendular states of water distributions in the pores 

Figure 5. Crack propagation threshold α = 0, 15, and 
30 deg.

Figure 6. Crack propagation threshold α = 45, 60, and 
75 deg.

CAICEDO.indb   401CAICEDO.indb   401 12/27/2012   5:00:26 PM12/27/2012   5:00:26 PM



402

of the clay and diminishes remarkably for higher 
moisture contents when the water distribution is in 
the saturated-funicular state.

More research is necessary in order to confirm 
that the low threshold values observed for high 
moisture contents close to saturation (saturated-
funicular state) are due to the pore pressures devel-
oped in the clay during dynamic loading and if  
there occurs local liquefaction around the crack 
tips due to the high compressive stress concentra-
tions which produce the pore pressure to rise and 
the crack to propagate.
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ABSTRACT: Traditional numerical modeling for geotechnics and reservoir geomechanics use formu-
lations which take into consideration many simplifying hypotheses for the representation of complex 
phenomena of porous media physical behavior. However, these simplifications may neglect effects which 
could contribute in model’s accuracy. In this paper, a fully coupled hydro-mechanical formulation con-
sidering fluid and solids compressibility is presented. The hydraulic behavior during consolidation in a 
soil column is simulated with this model and results of fluid pressure are evaluated. The permeability of 
the medium is determined by a permeability function and the effect of permeability changes is verified. 
Therewith, it is possible to define porosity changes influence in porous media physical behavior. Also, 
variations in fluid compressibility are considered. The fluid compressibility does not interfere in flow ten-
dency through the medium; it causes delay in fluid pressure dissipation during consolidation. The effect 
of permeability variation is not related to fluid compressibility.

in petroleum engineering. This kind of considera-
tion could enhance modeling, contributing to more 
accurate results in behavior prediction.

1.2 Objectives

When solids and fluid compressibility influence 
in porous media behavior is considered possible, a 
new type of approach for mechanical and hydrau-
lic behavior may be presented.

A fully coupled hydro-mechanical formulation 
with this consideration was presented by Jesus 
(2012). This formulation was fully described by 
the author, followed by its implementation, valida-
tion and calibration in ALLFINE (Farias, 1993; 
Cordão Neto, 2005; Jesus, 2012).

In this paper, results for hydraulic behavior sim-
ulation of this numerical model are presented. The 
effect of permeability variation during incompress-
ible and compressible fluid flow is studied. There-
with, it is possible to study the combined effect of 
compressibility changes in the fluid and permeabil-
ity of the medium for each type of fluid.

With this model assumption, a theoretical case 
of consolidation is analyzed, with verification of 
fluid pressure results.

2 FORMULATION

The presented formulation was organized and fully 
described by Jesus (2012). Here, a brief  summary 

1 INTRODUCTION

1.1 Theme contextualization

There are two principles which may be referred to 
as essentials to describing soils and rocks behav-
ior. The mechanical behavior is associated to the 
law of conservation of linear momentum, allowing 
forces balance analysis and the hydraulic behavior 
is characterized by mass conservation law.

These phenomena are related: stress-strain 
state is affected by fluid pressures and vice-versa. 
Therewith, it is intuitive the importance of cou-
pled analyses, which describe more precisely how 
mechanical and hydraulic behavior are related.

There are cases in which specific features of the 
porous medium can influence the analysis. Changes 
in stress-strain state induce porosity variation in 
the solid matrix and considering this in modeling 
may enhance simulation.

In most formulations for porous media behavior 
representation, many hypotheses are considered in 
order to simplify complex phenomena which take 
place. However, some of those simplifications 
may interfere in model responses, with simulation 
results not correspondent to the observed behavior 
of the studied case.

The compressibility of the solids which form the 
solid matrix of a porous medium and the compress-
ibility of the fluids within this medium are not taken 
into account in traditional models in geotechnics 
or related areas, such as reservoir geomechanics, 
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of the equilibrium and the mass conservation 
equations of the model is shown.

2.1 Equilibrium equation

The equilibrium equation for a porous medium 
can be described as:

∂
∂

+ =
σ ijσσ

j
ix

bi 0
 

(1)

where: σij is the stress tensor, bi is the body forces 
vector and xj corresponds to the coordinate 
system.

The stress-strain relation here presented is based 
on the definition of the generalized effective stress. 
Also, the influence of solids compressibility on 
solid matrix stress state is considered. Thus, the 
effective stress principle is defined as (Li et al., 
1999):

α{ }σ ′σσ { }σ − { }bα p}  (2)

where: {σ‘} is the effective stress vector, {σ} is the 
total stress vector, αb is the Biot parameter, {m}
T = {1 1 1 0 0 0} for a 3D analysis and p is the fluid 
pressure (for a saturated analysis).

The Biot parameter (αb) is defined by the follow-
ing expression:

αbα
T ep

s

DT

ks
= −

{ }m ⎡⎣ ⎤⎦⎤⎤{ }m
1

9  
(3)

where: [Dep] is the constitutive matrix and ks is the 
bulk modulus of solids.

The Principle of Virtual Work is employed to 
solve the equilibrium equation in space using FEM 
(Zienkiewicz, 1977).

The matrixes that represent the solved 
equilibrium equation are assembled and may be 
written as:

[ ]K { }u + [ ]C { }p = { }F} [C  
(4)

where:

d
T[ ]K [ ]B [ ]D [ ]B∫ Ω

Ω

N d
T

b

P[ ]C [ ]B { }m ⎡⎣⎡⎡ ⎤⎦⎤⎤∫ α Ω
Ω

d
T{ }�F [ ]N[ ] { }{ }��∫ ∫d[ ]N { }b∫ ∫d

T[ ]N { }b� d]N {b Γd[N �∫+
Ω Γ

[K] is the stiffness matrix, { }�u  is the nodal 
displacements rate vector, [C] is the solids-fluid 

coupling, { }�p  is the nodal fluid pressure rate 
vector and { }�F  is the external forces rate vector.

2.2 Mass conservation equation

The mass conservation equation used in this 
paper involves both liquid and solid phases. The 
mass conservation equation for the liquid phase is 
defined by the following expression:

∂
∂ ( ) +

∂
∂ ( ) =

t x( ) ∂ i
0

 
(5)

where: θ is the volumetric water content, ρf is the 
fluid density and �UiU  is the real fluid velocity.

The real fluid velocity can be expressed as:

� �U u�
w

i iU u i
f

+uiu
θ  

(6)

where: �UiU  is the real fluid velocity vector, �ui  is the 
velocity of the solids vector, wf

i is the fluid velocity 
due to percolation vector and θ is the volumetric 
fluid content of the medium.

The real fluid velocity assumption implies on 
taking into account the effects of porosity changes 
in the porous medium. The velocity of the solids �ui
is related to the displacements of the medium.

The mass conservation equation for the solid 
phase may be presented as:

∂
∂

( )⎡⎣⎡⎡ ⎤⎦
∂

∂
( )−⎡⎣ ⎤⎦⎤⎤ =

t x
( )⎣ ⎦ ∂

us

i

s
i)− ⎤⎦⎤⎤ +

∂ (⎡⎣⎡⎡
s 0ρ)))) ss ρ)) ss �

 
(7)

where: φ is the material porosity, ρs is the solids 
density and �ui  is the solids velocity vector.

In order to represent the mass conservation 
of porous media, the volume of solids and the 
volume of fluid within a finite element should 
be balanced in a total element volume approach 
(Li et al., 1999).

The variation of the density of liquid fluids 
(Peaceman, 1977; Rosa et al., 2006) and solids 
(Li et al., 1999) is expressed as:

d
k

dp
f

f
fk

ρ ff

ρ ff =
1

 
(8)

where: ρf is the fluid density, ks is the bulk modulus 
of the fluid and p is the fluid pressure.

( )1−
=

( )
− ( )1 −1

⎡

⎣
⎢
⎡⎡

⎣⎣

⎤

⎦
⎥
⎤⎤

⎦⎦

))
ρ

ρ ))−
sρρ

sρρ

s

R

i) i
D
Dt ks

Dp
Dt

u� ,

 
(9)

where: ρs is the solids density, ks is the bulk modu-
lus of rock crystals, αb is the Biot parameter, φ is 
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the porosity of the rock and pR is the pressure of 
the fluids (for saturated medium pR = p).

The spatial solution for the mass conservation 
equation via FEM can be made with Galerkin 
method, a weighted residual method (Zienkiewicz, 
1977).

The matrixes that represent the solved mass con-
servation equation are assembled and written as:

[ ]M { }p + [ ]L[ ]{ }u + [ ]R { }p = { }Q} [ ]L {  (10)

where:
N

k k
N dP T b

s fk
P[ ]M ⎡⎣⎡⎡ ⎤⎦⎤⎤

( )b
⎡
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⎡⎡

⎣⎣

⎤

⎦
⎥
⎤⎤

⎦⎦
⎡⎣⎡⎡ ⎤⎦⎤⎤+∫

Ω

Ω
)b φ

N d
P

T

b
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2

[M] is the mass matrix, {p˙} is the nodal fluid 
pressure rate vector, [L] is the fluid-solids coupling 
matrix, {u˙} is the nodal displacements rate vec-
tor, [R] is the flow matrix, {p} is the nodal fluid 
pressure vector and {Q} is the external discharges 
vector.

2.3 Coupling of equations and time solution

The spatial solution of equilibrium and mass con-
servation equations may be put together in order 
to assemble a system of equations. This system 
permits the time solution of the problem at a later 
stage. Considering both Equations 4 and 10, we 
have:

0 0
0 [ ]R

⎡
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⎡⎡

⎣⎣
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⎭
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⎣
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⎦
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⎧⎧⎧⎧
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⎫⎫⎫⎫

⎭
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⎭⎭
⎬⎬⎬⎬

 
(11)

Then, with this, the system of equations may be 
expressed by:

[ ]W { }x + [ ]Y { }x = { }Z  (12)

Considering the studied phenomenon is tran-
sient, this system of equations should be solved 
in time. Finite Difference (FDM) was the chosen 
method for the time discretization of the system 
of equations, already solved in space. This choice 
was based on the ease of application of FDM for 

that matter. Evaluating Equation 12 in time stage 
t+αΔτ, the solution of the equation system is:

Δ
Δ Δ

Δ

Δ ΔΔ
t Δ

t t
t Δ tΔΔ

t Δ tΔ t

α α αt t ΔΔ

α αt t ΔΔ

[ ]W [ ]⎡⎣⎡⎡ ⎤⎦{ }ΔxΔ
= { }Z [ ]W { }x

ΔtΔΔ

ΔtΔΔ  
(13)

3 METHODOLOGY

3.1 Description of the problem

The studied case consists of a laterally confined 
column of soil, one meter high and supporting 
an uniform load of a 10000 kPa, as illustrated in 
Figure 1.

This soil sample is assumed to be totally satu-
rated with fluid flow restricted in the laterals 
of the column and free at the top surface. The 
dominium is discretized in a non-uniform mesh 
of 10 elements (3-D 8-noded elements, as shown 
in Figure 2) and 44 nodes. The loading induces a 
consolidation process in the sample. The constitu-
tive model employed for these simulations was the 
linear elastic.

The permeability is defined as function of 
porous medium void ratio and the simulations are 
performed for three different configurations of 
this function. Also, the fluid compressibility is var-
ied for the simulations, with a fluid bulk modulus 
value of kf = 1 × 1012 kPa for incompressible fluid 

Figure 1. One-dimensional consolidation problem 
(modified Cordão Neto, 2005).

Figure 2. 8-noded 3D element.
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and kf = 1 × 105 kPa for compressible fluids. This 
allows the verification of the combined effect of 
compressibility and permeability changes. The val-
ues of fluid bulk modulus and solids bulk modulus 
used in these simulations do not necessarily corre-
spondent to real values of these parameters. They 
have been established to facilitate the visualiza-
tion of the effects of compressibility in the model 
results. However, depending on the stress state the 
porous media is subjected to, it is possible to visu-
alize the same effects here presented with real val-
ues of this parameter.

The evaluation of the simulation results is made 
with the values of fluid pressure, which are moni-
tored over time during the consolidation process.

3.2 Permeability functions

In general, permeability is assumed constant dur-
ing consolidation. This hypothesis may not be 
accurate considering mechanical and hydraulic 
phenomena which take place during this process. 
The solid matrix suffers stress changes and strain-
ing, implying on void closing.

The pore volume reduction influences perme-
ability. So, these two features are related and can be 
expressed as permeability functions. In this study, 
a permeability function is suggested:

k A
Be
BC

exp( )
exp( )  

(14)

where: k is the permeability and e is the void ratio.
Parameter A corresponds to the initial perme-

ability (k0) and parameter C is equivalent to a ref-
erence void ratio value, the initial void ratio (e0) for 
the simulations presented in this paper.

Parameter B was used to calibrate the void ratio 
variation range of the function. With its variation, 
it was possible to define three different formats for 
the permeability function. The function reaches 
constant values of permeability (function k1), 
values 10 times lower than the initial (function k2) 
or values 100 times lower than the initial (function 
k3) for the final void ratio of 0,87. The values for 
each parameter are presented in Table 1 and its 
corresponding permeability functions are shown 
in Figure 3.

4 RESULTS AND DISCUSSION

The analyses performed use the parameters shown 
in Table 2. The values of permeability vary according 
to the permeability functions defined in section 3.2.

For the performed simulations, the final void 
ratio is 0,895, regardless the permeability function 
used. The volume change is small, but the effects 
of permeability variation can be noticed in fluid 
pressure results. The evolution of the fluid pressure 
during the simulation of the consolidation proc-
ess is monitored for specific time factors (T = 0; 
0,2; 0,5 e 0,8). The results for incompressible fluid 
analysis are presented in Figures 4 to 7.

For the first time stage (T = 0), the fluid pressure 
is the same for all permeability functions. In this 
stage, there is no fluid flow. The fluid pressure cor-
responds only to the load applied on the soil. The 
numerical model used in this simulation does not 
provide results with discontinuity. This justifies the 
smoothed format of the curve.

For the following time stages, the effect of vary-
ing permeability due to void ratio changes can be 
noticed in fluid pressure results, because it dissipates 
faster over time when the medium is more permea-
ble. Thus, the values of fluid pressure decrease more 
rapidly for the constant permeability function (k1 
function) and slower for the function which reaches 
a permeability value 100 times lower than the initial 
value (k3 function), as expected. It can be noticed 
that the results of fluid pressure are influenced by 
permeability even for low void ratio variation.

The following simulation was performed for a 
compressible fluid. The analysis results are pre-
sented in Figures 8 to 11.

The results for simulations with the compress-
ible fluid follow the same behavior tendency of the 
incompressible fluid. For the first time stage, fluid 
pressure is equal for all permeability functions. 
Then, for the following time stages, fluid pressure 
dissipates faster for the constant permeability 
function (k1 function) and slower for the function 
which reaches a permeability value 100 times lower 
than the initial value (k3 function).

The difference observed between fluid pressure 
results is related to the fluid compressibility, with 
no influence of the permeability functions.

Table 1. Calibration parameters for the 
permeability function.

A 1,0 × 10−6

B For function k1 0,0
For function k2 95,8
For function k3 191,9

C 0,90

1E-10

1E-09

1E-08

1E-07

1E-06

1E-05
0,85 0,86 0,87 0,88 0,89 0,9 0,91

Pe
rm

ea
bi

lit
y 

(m
/s

)

Void ratio

k1 k2 k3

Figure 3. Permeability functions.

CAICEDO.indb   408CAICEDO.indb   408 12/27/2012   5:00:34 PM12/27/2012   5:00:34 PM



409

Table 2. Parameters for the consolidation simulation.

Young modulus (E) 2500000 kPa
Poisson coefficient (ν) 0,31
Initial void ratio (e0) 0,90
Density of the solids (ρs) 2,65 kg/m3
Solids bulk modulus (ks) 1,0 × 1015 kPa
Density of the fluid (ρf) 1,00 kg/m3
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Figure 4. Results of fluid pressure for incompressible 
fluid simulation (T = 0).
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Figure 5. Results of fluid pressure for incompressible 
fluid simulation (T = 0,2).
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Figure 6. Results of fluid pressure for incompressible 
fluid simulation (T = 0,5).
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Figure 7. Results of fluid pressure for incompressible 
fluid simulation (T = 0,8).
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Figure 9. Results of fluid pressure for compressible fluid 
simulation (T = 0,2).
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Figure 8. Results of fluid pressure for compressible 
fluid simulation (T = 0).
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Figure 10. Results of fluid pressure for compressible 
fluid simulation (T = 0,5).
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Figure 11. Results of fluid pressure for compressible 
fluid simulation (T = 0,8).

By analyzing the format of the fluid pressure 
curves over time, it can be noticed that fluid flow 
tendency is the same (the shape of the curves is 
maintained), regardless the fluid compressibility.

The compressibility of the fluid causes an effect 
of delay in fluid pressure dissipation, given by vol-
ume changes the fluid suffers. The effect of fluid 
compressibility in a consolidation process in a 
porous medium is detailed in Jesus (2012).
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Finally, the results for incompressible and com-
pressible fluid simulations were compared, as 
shown in Figure 12.

Analyzing the results, two zones are distin-
guished. Zone A corresponds to the difference in 
fluid pressure values associated to fluid compressi-
bility. The results of the curves that delimitate zone 
A are governed by the same permeability function 
(k2), making zone A correspondent only to the 
fluid compressibility effect.

Zone B is referred to the difference of fluid 
pressure values due to permeability changes. The 
curves delimitating zone B correspond to results of 
simulations made with the same fluid bulk modu-
lus value. However, they are governed by different 
permeability functions, k2 and k3. Thus, zone B 
corresponds only to the permeability effect.

With this approach, one can observe the limit 
of effect for each parameter, allowing more accu-
rate analyses of causes for fluid pressure increase 
in porous media during consolidation.

5 CONCLUSIONS

In this paper, the effects of permeability variation 
in fluid pressure dissipation during a consolida-
tion process were investigated. Furthermore, the 
combined effect of permeability changes and fluid 
compressibility is analyzed.

The analyses performed for permeability influ-
ence evaluation prove that the effect of permeabil-
ity functions affects significantly soil responses. So, 
there is need of developing appropriate constitu-
tive models for porous media hydraulic behavior.

Verifying fluid compressibility effect, it can be 
stated that it does not alter percolation through the 
porous medium. Fluid flow takes place with the 
same tendency observed in incompressible fluid 
simulations. However, an effect of fluid pressure 
dissipation delay is still registered, only related to 
fluid compressibility.

Finally, the results of incompressible and com-
pressible fluid simulations are compared for two 
different permeability functions. Considering that 

fluid compressibility does not influence fluid flow 
tendency, it can be made a division of zones of 
causes for fluid pressure delay in dissipation, one 
correspondent only to fluid compressibility influ-
ence, other to permeability decrease influence.

With the achieved results, it can be noticed that 
the presented formulation is appropriate to studies 
of petroleum engineering, more specifically, res-
ervoir geomechanics. Behavior predictions can be 
made using the presented model, with results that 
should represent reservoir behavior more accu-
rately, given the consideration of factors which are 
usually disregarded in reservoir simulations. The 
mechanical and the hydraulic behavior of reser-
voirs can be affected by the compressibility of the 
oil within the reservoir-rock and the reservoir-rock 
itself. Considering this, this formulation is appro-
priate for reservoir behavior prediction.

Ultimately, the presented results are interesting 
for further research of models for multiphase fluids 
in porous media, with fluid and solids compress-
ibility taken into consideration. The simulation of 
traditional geotechnics problems can be performed 
with this model and more precise results can be 
achieved on account of considering fluid and sol-
ids compressibility.
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ABSTRACT: The vast majority of unsaturated soil research is completed on compacted soils. Due to 
ease of laboratory testing, specimens are typically prepared dry of optimum and often with high void 
ratios (low dry density) to capture the phenomena of collapse. Compacted soils have significant impacts 
on infrastructure, but the inherent effects of structure within each sample are difficult to differentiate 
from the effects of suction (and degree of saturation) in the laboratory. Although significant advances 
have been made with techniques such as MIP and ESEM. The difficulties of producing and unsaturated 
sample from slurry have largely limited the amount of published literature on samples reconstituted from 
slurry. In this paper, the available published data sets of Jennings and Burland (1962), Vicol (1990) and 
Cunningham (2000) are reviewed. Predictions of the volume change behavior are then made.

testing of samples prepared in the laboratory 
by compaction. Compaction may be kneading, 
dynamic (e.g., Standard Proctor or Modified Proc-
tor) or static. The choice of which is up to the spe-
cific researcher. Static compaction is commonly 
adopted to provide controllable final density and 
knowledge of the past maximum vertical stress.

The division between compacted and reconsti-
tuted soils has however recently been suggested by 
Tarantino (2011) as being vague. This suggests that 
study of the behavior of reconstituted soils should 
enhance the understanding of both compacted 
soils and unsaturated soils in general. The com-
plexities arising from compacted soils may partly 
obscure the effects of suction or degree of satura-
tion on the behavior.

The process of compaction, not matter what 
type, inherently introduces some form of structure 
to the sample. Structure is taken here include both 
fabric and stability of the inter-particle contacts 
(Mitchell and Soga, 2005). In unsaturated soil 
research the discussion on structure has typically 
focused around the role of double-structure or 
double porosity (micro and macro pores) devel-
oped as a result of compaction.

Similarly in preparing reconstituted samples 
for testing the water content at which the slurry is 
prepared affects the initial portion of compression 
(Cerato and Lutenegger, 2004, Hong et al., 2010). 
Due to the logarithmic relationship between void 
ratio and effective stress the differences at higher 
stress become less pronounced.

Naturally occurring saturated structured soils 
have been found to be poorly described using the 

1 INTRODUCTION

Unsaturated soil mechanics has and still is receiv-
ing a lot of interest in the research community. 
A large number of constitutive models have been 
proposed to simulate the behavior of unsaturated 
soils. Most of these have been developed based on 
the observed behavior of compacted soils while 
reconstituted soils have received comparatively 
less attention. Laboratory testing of compacted 
soils has the benefit of starting from an initially 
unsaturated state and allows the use of the axis-
translation technique.

A fundamental ingredient of all constitutive 
models is the volume change equation which 
defines the volume change of the soil under stress 
and suction changes. Volume change of soils sub-
ject to cycles of wetting and drying can cause 
significant damage to lightly loaded foundations 
and structures. The volume change behavior also 
affects the shear strength, yield stress and hydrau-
lic behavior of the soil.

In this paper we briefly note some points in 
relation to compacted and reconstituted soils fol-
lowed by some predictions made using a modified 
form of the Sheng-Fredlund-Gens (SFG) volume 
change equation proposed by Sheng et al. (2008).

2 COMPACTED VERSUS 
RECONSTITUTED

The development of unsaturated soil mechanics 
is by and large based on the results of laboratory 
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Modified Cam Clay (MCC) model. The “structure 
permitted” space for the compression of a satu-
rated structured soil was coined by Leroueil and 
Vaughan (1990). Structured saturated soils are able 
to maintain a higher void ratio at certain effective 
stresses in comparison to an unstructured soil that 
may be reconstituted in the laboratory. The plastic 
volumetric strain caused by compression or shear-
ing is effective in destroying the structure developed 
in saturated structured soils. This behavior may be 
seen as analogous to that for a compacted unsatu-
rated soil which is particularly well demonstrated 
with the one dimensional compression results of 
Jotisankasa (2005). Discerning the effects of struc-
ture (fabric) from the effects of suction becomes 
difficult.

3 VOLUME CHANGE MODELS

Perhaps the most striking features of unsaturated 
soil behavior are the swelling and collapse phe-
nomenon which occur under constant total stress. 
The genesis of these mechanisms may take years to 
form under natural circumstances and can lead to 
significant financial costs (Holtz, 1983).

Constitutive models abound in the literature 
for unsaturated soils. A complete review cannot 
be completed here but a comparison of selected 
volume change equations is presented. Here it is 
also noted that we hold no preference over a net 
stress and suction approach or an effective stress 
approach.

Firstly the development of a constitutive model 
should ideally extend from accepted saturated soil 
models. The most common of which are the Cam 
Clay model proposed by Roscoe and Schofield 
(1963) and the Modified Cam Clay (MCC) model 
proposed by Roscoe and Burland (1968). The iso-
tropic volume change adopted by MCC takes a lin-
ear relationship between specific volume and the 
logarithm of effective stress:

v N p−N ′λ ln  (1)

where v is the specific volume, N is the specific vol-
ume when p′ = 1 kPa typically, λ is the slope of the 
normal compression line (NCL) and p′ is the effec-
tive mean stress. Modifications of this model have 
been proposed to capture the distinct behaviors of 
structured soils (e.g., Rouainia and Wood, 2000, 
Liu and Carter, 2002).

In terms of models for unsaturated soils, by far 
the most widely cited model is the Barcelona Basic 
Model (BBM) proposed by Alonso et al. (1990). 
This model does suffer from the limitations that 
it does not incorporate the hydraulic behavior 
and an ever increasing collapse volume predicted. 

The latter of which can be overcome through the 
selection of parameters (Wheeler et al., 2002). Cou-
pling the BBM with a hydraulic model is however 
difficult (Vaunat et al., 2000, Gens, 2010). The BBM 
separates the effects of net stress and suction on the 
volume change behavior through the equation:

v N
p
p

N( )s( )ss ( )s lnλ(
c  

(2)

where p  is the mean net stress, N(s) is the specific 
volume at suction s and net stress pc , and λ(s) is 
the compression index as a function of suction. 
In the original model λ(s) was assumed to reduce 
with increasing suction. Such a function ignores 
the key role played by the non-zero air-entry suc-
tion where for suctions less than the air-entry 
value the compressibility is equal to the saturated 
compressibility.

To capture the coupling between hydraulic and 
mechanical behaviors, neglected by the BBM, 
Wheeler et al. (2003) adopted a form of Bishop’s 
effective stress (Bishop, 1959) and a modified 
suction.

p p S s* = +p rSS  (3)

and modified suction:
s ns*

 (4)

where Sr is the degree of saturation, n is the 
porosity. The volume change equation adopted 
by Wheeler et al. is similar in form to the volume 
change equation of MCC (Equation 1) but is com-
plicated through the coupled movement of the 
loading collapse (LC), suction-increase (SI) and 
suction-decrease (SD) yield surfaces and through 
the incorporation of both suction and degree of 
saturation into the effective stress.

To overcome some of the limitations of the both 
net stress and effective stress approaches Sheng 
et al. (2008) proposed an incremental form of the 
volume change equation for normally consolidated 
soils:

d
dv
v

dpd
p f

ds
p f

ε λdv λv vε λε λ p vp f
λλ s+

0 ( )ss ( )s  
(5)

where λvp is the virgin compression index due to 
stress increase and λvs is the virgin compression 
index due to suction increase interpreted from a 
dεv: ln p  plot. The variation of λvs with suction is 
given by:

λ
λ

λvsλλ
vpλλ sa

vpλλ sa
sa

=
<

≥

⎧
⎨
⎪
⎧⎧
⎨⎨
⎩⎪
⎨⎨
⎩⎩

s s<
s
s

s s≥
 

(6)
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where ssa is defined by the saturation suction. The 
saturation suction (and air-entry value) are not 
intrinsic parameters which may depend on previ-
ous stress history of the soil (e.g., Ng and Pang, 
2000), as shown with the results for Jossigny silt 
discussed below. In a hydro-mechanical coupled 
model, the water retention behavior is coupled 
with the stress-strain relationship and hence the 
saturation suction (or air-entry value) will change 
with stress or volume (Wheeler et al., 2003, Sheng 
and Zhou, 2011).

In Equation 5 originally Sheng et al. adopted 
f(s) = s for the term in the denominator. This func-
tion was shown by Zhou and Sheng (2009) to pro-
vide a reasonable prediction of a number of sets 
of data. There is one specific limitation with the 
adoption of this function and that is that there is 
a discontinuity between saturated and unsaturated 
states. To overcome this Sheng (2011) suggested 
an alternative form of f(s) = sSr be adopted. In 
addition the loading-collapse (LC) and zero shear 
strength functions may be derived from the SFG 
model:

p
p s s s

p s s
s

s
s sy

y0 sa

y0 sa sa
sa

sa
=

− <s s

−s ≥

⎧
⎨
⎪
⎧⎧
⎨⎨
⎩⎪
⎨⎨
⎩⎩

ln
 

(7)

p
s s s

s s
s

s
s s0 =

− <s s

−s ≥

⎧
⎨
⎪
⎧⎧
⎨⎨
⎩⎪
⎨⎨
⎩⎩

sa

sa sa
sa

saln
 

(8)

where py  is taken at the LC yield surface and p0  
the zero shear strength surface.

4 PREDICTIONS

To make predictions of the volume change of 
unsaturated soils a number of questions need to be 
answered. The separation of behavior into elastic 
(pre-yield) and plastic (post-yield) is of fundamen-
tal importance. The difficulty arises for compacted 
soils in providing an adequate definition of the 
yield stress based on the compaction history. This 
is particularly true for dynamic compaction when 
an effective stress approach is adopted. The suction 
experienced by the soil compacted on the wet side 
of optimum (high degree of saturation) is observed 
to decrease with increasing stress (Tarantino and 
De Col, 2008). However the suction on the dry side 
remains relatively constant (e.g., Romero et al., 
1999) but is rarely measured throughout compac-
tion. More commonly the suction is measured after 
compaction and unloading process at which point 
the suction has increased.

The data sets adopted for this comparison of the 
modified SFG volume change equations include 
Jennings and Burland (1962), Vicol (1990) and 
Cunningham (2000). In these data sets the inter-
pretation of a yield stress is simplified as for Jen-
nings and Burland the soils are compressed at the 
maximum suction experienced, Vicol the sample 
is dried during loading and for Cunningham the 
yield stress is below the air-entry value.

Jennings and Burland (1962) tested a silt and 
silty sand clay and a silty clay in one dimensional 
and isotropic compression. The samples were 
initially brought to the desired suction using a pres-
sure membrane apparatus. The measured and pre-
dicted soil-water characteristic curve (SWCC) for 
the silty clay is shown in Figure 1(a). The SWCC 
was fitted using the Fredlund and Xing (1994) 
equation and with only three points reported 
should be considered a coarse estimate. The satu-
ration suction is adopted for the SFG model; here 
however it is taken as equal to the air-entry value 
of 300 kPa.

The samples were trimmed and placed in a high 
pressure isotropic cell. No suction control was 
attempted through the test. Although suction was 
not controlled thorough the test of Jennings and 
Burland, from the test results of Sivakumar (1993) 
and Sharma (1998), albeit on compacted samples, 
the water content during compression at constant 
suction remained essentially constant. It may be 
assumed, with limited accuracy, that the suction 
remained constant through the compression phase. 
Interestingly Romero et al. (2011) identified that 
there appears to be a critical magnitude of suction, 
above which the water content-suction relationship 
is practically identical regardless of void ratio. The 
predictions are made based on the assumption that 
suction remains constant through compression.

The drying curve was also measured for one 
sample with the results shown in Figure 1(b). 
The predicted response according to Equation 8 
is shown. The initial point for the drying curve 
was based on the void ratio at the liquid limit 
(e0 = wLGs). The slope of the normal compression 
line (NCL) was estimated from the reconstituted 
sample (Cc = 0.262).

The results of the compression testing are 
shown in Figure 1(c) for the sample dried to an 
initial degree of saturation of 0.504 (Sr,i = 0.504). 
The predicted behavior provides as good approxi-
mation to the observed results. The predicted and 
observed results show the potential for collapse 
with the compression curve for the unsaturated 
soil crossing the NCL of the saturated sample. This 
so-called ‘collapse’ may not be due to the develop-
ment of soil structure, rather the change of the 
soil compressibility with suction. In Equation 5, 
even if  the compression index is assumed to be 
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in Figure 1(d) which indicates that on wetting the 
sample is likely to swell.

Jossigny silt from 25 km west of Paris was tested 
by Vicol (1990). Osmotic suction control was 
employed. The samples were prepared from slurry 
at roughly 1.5 times the liquid limit. Vicol com-
pleted drying at vertical stress of 50 kPa, 100 kPa 
and 200 kPa on normally consolidated and over 
consolidated samples.

The wetting branch of the SWCC for Jossigny 
silt was obtained by Vicol (1990) and also by 
Fleureau et al. (1993, 2002) with an interpreted sat-
uration suction of around between 10 kPa (Vicol, 
1990, Fleureau et al., 2002) and 100 kPa (Fleureau 
et al., 1993).

The predicted compression and drying of 
Jossigny silty is shown in Figure 2(a) and 2(b). The 
drying prediction has been completed for both 
saturation suctions due to the difficulty clarifying 

Figure 1. Data of Jennings and Burland (1962) 
Sri = 0.504, a) Measured and predicted SWCC, b) Meas-
ured and predicted drying, c) Measured and predicted 
isotropic compression, d) Predicted evolution of modi-
fied SFG zero shear strength and loading-collapse yield 
surface.

Figure 2. Jossigny silt sample E4 of Vicol (1990), 
a) Measured and predicted compression, b) Measured and 
predicted drying, c) Predicted Modified SFG zero shear 
strength and loading-collapse yield surface evolution.

constant, increasing suction will lead to a stiffer 
soil and hence a flatter NCL, due to the term 
p  + f(s) in the denominator. Examining this in 

relation to the LC yield surface obtained from 
Equation 8 in Figure 1(d), we can see that drying 
and loading was sufficient to flatten the LC yield 
surface. From Figure 1(c) we can see that the NCL 
and Sr,i = 0.504 curves crossed at a vertical stress 
of approximately 500 kPa. Plotting the yield sur-
face at this point we see that it is essentially vertical 

CAICEDO.indb   414CAICEDO.indb   414 12/27/2012   5:00:40 PM12/27/2012   5:00:40 PM



415

which is more representative. The predictions 
provide an upper lower bound of the observed 
drying behavior. The characteristics of the behav-
ior are however well predicted. The evolution of 
the LC yield surface is shown in Figure 2(c). It is 
interesting to note that the first drying process up 
to 100 kPa suction produces virtually no volume 
change. The volume change from drying to 50 kPa 
suction should be equal to the volume change 
caused by a stress change of the same magnitude, if  
the air entry value is larger than 50 kPa. However, 
the experimental results show much less volume 
change, which is inconsistent with the effective 
stress principle for saturated soils. Fleureau et al. 
(2002) tested the same soil, but observed much 
larger volume change during the first drying phase. 
The LC yield surface indicates no potential for col-
lapse on wetting.

Cunningham (2000) completed a suite of labo-
ratory tests on a blend of 70% silt, 20% Speswhite 
kaolin and 10% London clay reconstituted in the 
laboratory. The samples were prepared by first 
consolidating the reconstituted material mixed 
at a water content 1.5 times the liquid limit to a 
vertical stress of 200 kPa (mean stress of 130 kPa, 
K0 = 0.475).

The SWCC is shown in Figure 3(a), with the 
SWCC fitted using the Fredlund and Xing (1994) 
equation. The air-entry value was interpreted as 
400 kPa. The predicted and measured volume 
change for the sample tested at a suction of 650 kPa 
is shown in Figure 3(b). The evolution of the LC 
yield surface is shown in Figure 3(c). The yield 
point used for the predictions was a mean effective 
stress of 130 kPa. For this sample we see that there 
is a small potential for collapse developed through 
the flattening of the yield surface. The more pro-
nounced behavior in a laboratory test during wet-
ting may be swelling however.

5 DISCUSSION

From a review of the literature on reconstituted 
unsaturated soils, and the predictions made, the 
following points are noted:

• Drying a reconstituted soil to sufficiently high 
suction and then compressing it to sufficiently 
high stress can make the soil ‘collapsible’. This 
collapsibility is due to the change of the soil stiff-
ness with suction, rather than the soil structure.

• For collapse to occur relatively low saturation 
suction is required—this point defines the inflex-
ion point on the LC yield surface. Or a relatively 
high vertical stress is required—but not so high 
that compression of the macro-pores has already 
been completed.

• In the case of Cunningham’s the evolution of the 
LC yield surface using the SFG model predicts 
that for these materials the dominant behavior 
likely to be observed in the laboratory tests, 
had wetting been completed, would have been 
swelling.

6 CONCLUSIONS

The volume change behavior of a number of 
reconstituted soils has been collated and discussed. 
Predications of the behavior have been made using 
a modified form of the volume change equations 
originally presented in the SFG model.

While the results of testing on reconstituted 
may not exhibit the potential for collapse at the 
stress ranges commonly tested in the laboratory, 

Figure 3. Data of Cunningham (2000), a) Measured 
and predicted SWCC, b) Measured and predicted iso-
tropic compression, c) Predicted evolution of modified 
SFG zero shear strength and loading-collapse yield 
surfaces.
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the testing of reconstituted soils avoids some of 
the problems associated with the definition of 
structure in compacted soils.

A simple modification to the proposed SFG 
model has been found to equally well predict the 
observed volume change behavior of unsaturated 
reconstituted soils.
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materials
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ABSTRACT: The compressibility of granular soils is studied by adopting a micromechanical approach 
in which soil is considered as a set of particles and volume changes result from their interaction. 
Oedometric tests were performed in four different granular materials which grains have different stiff-
ness and water sensitivity. The tests were performed in dry (relative humidity of the laboratory) and in 
saturated conditions in order to analyze how full saturation and stress changes affect the compressibility 
of individual grains and thus explain global compressibility. Other complementary tests were performed 
where the changes in grains stiffness and geometry due to the different loading paths were investigated to 
explain the volumetric changes measured in the oedometer tests.

the presence of water and therefore the granular 
structure of the aggregate when wetted is not lost.

Oedometric tests were performed, in dry and 
saturated conditions. They were complemented 
with saturated permeability tests, the measure-
ment of grading size distribution after the differ-
ent stress paths applied and with crushing tests of 
the grains with the two suctions. The interpreta-
tion of the results allows identifying how grains 
are affected by stress and wetting and how their 
behaviour affects the volumetric behaviour of the 
granular medium.

2 GRAINS AND GRANULAR 
STRUCTURE

Compressibility of soils is usually represented 
by plotting specific volume or void ratio against 
the logarithm of mean stress or vertical effective 
stress, as shown in Figure 2. In this figure, region 
1 indicates small deformations mainly due to par-
ticle rearrangement. Stress increases until yielding 
stress, which is identified by a change in the slope of 
the curves and is when region 2 is attained. In this 

1 INTRODUCTION

The mechanics of continuum media provides the 
framework to solve the large majority of equations 
used to solve soil mechanics problems. This is a 
macromechanical approach because soil is a par-
ticulate media and the contribution of single par-
ticles to global behaviour is not taken into account 
in a direct manner. With computational advances, 
the use of discrete elements methods to solve prob-
lems related to soils is becoming more feasible and 
can provide alternative methods to solve engineer-
ing problems in granular materials. This happens 
because some particularities of behaviour can be 
better reproduced when the presence of grains is 
considered explictly.

The most important engineering proper-
ties of granular materials, such as stress-strain 
and strength behaviour, volumetric changes and 
permeability variations, depend on the integrity 
of the particles or the amount of particle crush-
ing due to stress changes (Lade et al., 1996). For 
soils, the intergranular stress provides shear and 
compressive strength, and any change in linear and 
volumetric strains is controlled by these stresses 
(Lade & de Boer 1997).

Fragments of four different granular materials 
are investigated (Fig. 1): Abadia marls, dry kao-
lin, limestone (gravel) and LECA (Lightweight 
Expanded Clay Aggregate). Marls and kaolin 
were chosen because their grains suffer physical 
degradation in contact with water and therefore 
the granular material becomes a clayey material 
after full saturation. The two other materials were 
chosen because their fragments do not degrade in 

Figure 1. Fragments of the materials tested 
(2 mm < D < 4,5 mm).
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region void ratio decreases with stress increment 
at a higher rate. Also, irrecoverable deformations 
occur when stress increments are in region 2. The 
curve in region 2 corresponds to the normal com-
pression line and its slope is the compressibility 
index, Cc. When stress continues to increase, the 
curve shows another slope change because the 
void ratio starts to decrease at a lower rate. This is 
evident for the dense carbonate sand which differs 
from silica sand since the crushing resistance of 
carbonate sand grains is smaller than that of silica 
grains. Grain crushing due to loading corresponds 
to clastic yielding, where most irrecoverable defor-
mations occur.

The interpretation of plots showed in Figure 2 
explains soil behaviour from a micromechani-
cal point of view, which is the approach followed 
in this study. However the use in practice of the 
curves consists in a macromechanical approach 
because there is no need to consider the existence 
of the grains or fragments of the material, neither 
their breakage nor interaction.

Lade et al. (1996) showed that the amount of 
particle crushing is affected by stress level (prox-
imity to failure), stress magnitude and stress path. 
These authors indicated that larger grains have 
higher probability of having imperfections and 
therefore higher probabilities of breaking than 
smaller grains. Adding to this, well-graded soils do 
not break down as easily as uniformly graded soils 
and, as the relative density increases, the amount 
of particle breakage decreases. Both these factors 
are based on the fact that with more particles sur-
rounding each particle (large coordination number 
or large number of neighbours), the average stress 

tends to decrease. This was also established by 
McDowell et al. (1996).

Rocks physical weathering results in their break-
age and disaggregation. The resulting fragments 
or grains have more or less strength depending on 
the rock type. For example, grains coming from 
hard rocks have more strength and therefore are 
less compressible than those that came from soft 
rocks. Therefore, stress affects differently the 
grains according to their nature. Water presence 
also affects the grain mechanical properties. Grains 
coming from rocks with clayey minerals are more 
alike to be softened when wetted. On the other 
hand, for materials without clay minerals, such as 
those usually used as rockfills, water accelerates 
crack propagation and thus accelerates particle 
breakage. This phenomenon is known as “water 
corrosion” (Oldecop & Alonso 2001). It can be 
concluded that in materials with no clay miner-
als (such as hard rocks), water enhances crack 
opening. However many other granular materials, 
including very dry clayey materials, can show this 
type of behaviour.

To conclude, soils are made of grains. Their 
global volumetric behaviour can be explained 
by changes in granular rearrangement mainly 
caused by stress changes and wetting. Grains rear-
rangement (their shape do not change), breakage 
(division into smaller grains), erosion (detach-
ment of small pieces of a grain) or be softening 
(loss of internal bonds), depend on their nature. 
Some of those behaviours can coexist. With the 
tests performed in this study, the mechanisms men-
tioned will be seen and further explained in results 
analysis.

3 CHARACTERIZATION 
OF THE MATERIALS

Fragments of Abadia marls, limestone gravel, dry 
kaolin aggregates and LECA were studied.

Abadia marls from Arruda dos Vinhos 
(Portugal) are classified as hard-soils/soft-rocks. 
The mechanical and hydraulic proprieties of marls 
change due to wetting-drying cycles, among oth-
ers weathering processes. This evolutive behaviour 
is characterized by crack opening and/or loss of 
bonding, having in general negative impact on 
the strength and compressibility of the mate-
rial. The mineral composition of Abadia marls is 
quartz, calcite, rutile, gypsum and clay minerals. 
The existing expansive minerals are montmorillo-
nite and gypsum. The marls specific density is 
2.74 (Cardoso 2009). When sets of fragments of 
Abadia marls are dried and intact they behave as 
rockfill materials. However, when suction cycles or 
stress changes are applied they become soft and 

Figure 2. One-dimensional compression plots for dif-
ferent granular materials (McDowell & Bolton 1998)
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the degraded material behaves such as compacted 
clays (Cardoso 2009). Important deformations will 
occur due to softening therefore it is expected to 
see important volume changes due to breakage and 
particles rearrangement.

The gravel studied in this paper is a crushed 
limestone used for concrete production. The spe-
cific density of this gravel limestone is estimated to 
be 2.75 and its porosity is very low.

Kaolin is a white clay mineral often used in the 
ceramic industry, as well as in rubber industry. 
Kaolin specific density is 2.63. Mercury Intrusion 
Porosimetry (MIP) tests were performed in dry 
aggregates. They are in accordance with its clayey 
nature.

LECA is an aggregate of natural clay expanded 
by thermal treatment. The specific density of this 
material is 1.70. LECA is generally presented as a 
set of round shaped elements. Every one of these 
elements is composed by a vitreous cover surround-
ing a porous core, as seen on Figure 3. The pore 
geometry, induced by the fabric process, makes 
the full saturation of this material very difficult. 
As the material loses water, capillary forces retain 
the water in the pores (Caldeira et al., 2010). The 
main minerals existing in LECA elements are sili-
cate in vitreous phase, heronite, iron oxide, quartz 
and feldspars. Clayey minerals are almost absent 
and LECA matrix is non-plastic. More detailed 
information about these materials can be found in 
Barata (2011).

4 SAMPLES PREPARATION

Mainly oedometric tests were performed in this 
study, which information provided was comple-
mented with crushing and permeability tests. Four 
samples of each material were prepared by adopt-
ing a uniform grading size distribution (between 
2 mm and 4.75 mm).

The specimens of the four materials were pre-
pared with similar void ratios in order to com-
pare their compressibility, considering only the 
influence of the grains nature. Nevertheless, even 
if  each material has similar grain size, their grain 
shapes are not similar and therefore the initial rear-
rangement can be different. Void ratio e provides 

an indirect measurement of this rearrangement, 
however it accounts with the voids between the 
fragments (macrostructural void ratio eM) and the 
voids of the fragments (microstructural void ratio 
em). For this reason, void ratio is the sum of the 
last two (e = eM+em) and specimens preparation 
must take into account the macroscopical void 
ratio instead of e because of the different nature 
of grains used. Similar eM indicates similar number 
of neighbours for each grain independently from 
the material.

Void ratio, e, can be estimated using 
Equation 1,

e
Gs wG

d
=

×
−

γ w

γ d
1

 
(1)

where Gs is the specific density, γw the water unit 
weight and γd the dry unit weight of the material. 
Therefore it is controlled through the soil mass 
to be set within the oedometer ring (73.12 cm3 
volume). Abadia marls were the first material 
tested and are adopted as reference. The mass of 
fragments of Abadia marls set within the oedom-
eter was 92.7 g, which corresponds to a void ratio 
of 1.16.

The number of particles contained in the oed-
ometer ring can be estimated dividing the total 
mass by the mass of a single particle (average val-
ues in Table 1, measured in a set of 50 and 100 frag-
ments (Barata 2011). During samples preparation 
the mass proportions could not be attained (total 
mass in relation to Abadia marls in Table 1) since 
the grains of each different material have differ-
ent shape, stiffness and strength and thus break or 
adjust differently during sample preparation proc-
ess. The real mass in the oedometers for each mate-
rial is the one indicated in the first row of Table 1 
and the number of particles indicated in that table 
was estimated using that real total mass and the 
mass of individual particles. Finally, it is possible to 
determine the microstructural void ratio (Table 1) 
(Barata 2011). As seen in this table, the materials 

Figure 3. LECA detail (Caldeira et al., 2010).

Table 1. Computation of the number of particles in the 
rings.

Marls Gravel Kaolin LECA

Mass inside the ring (g) 92.7 122.7 79.8 29.0
Mass of a single
particle (g) 0.064 0.101 0.072 0.019
Particles per unit
volume (nr/cm3) 19.6 16.6 15.2 20.9
Total void ratio e 1.16 0.64 1.41 3.28
Microvoid ratio em 0.596 0.003 0.671 2.517
Macrovoid ratio eM 0.564 0.637 0.739 0.762
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with high total void ratios have also high microvoid 
ratios (which mean they are porous). Comparing 
the macrovoid ratios they are considered to be 
similar enough so that results of tests performed 
on the different samples can be compared.

Since the microstructural value is very differ-
ent for each material type, another way to achieve 
similar granular structures for the materials is 
to prepare specimens with the same number of 
grains. This corresponds, for the same value, to 
similar number of contacts between particles. 
The number of particles was not counted because 
they were more than 1000 for each sample and for 
this reason it was estimated indirectly through the 
mass placed in the oedometer ring. The estimated 
mass of one single particle of each material can be 
seen in Table 1. The proportional mass in relation 
to Abadia marls is 1.58 for gravel, 1.13 for kao-
lin and 0.29 for LECA. As observed in Table 1, 
the number of grains is slightly different for each 
granular material studied. It can be admitted that 
differences will not significantly affect the results, 
at least in qualitative manner.

5 EXPERIMENTAL RESULTS

5.1 Compressibility

Oedometric tests were performed in dry and satu-
rated environment for each material. Samples were 
prepared as indicated previously in Table 1. The 
increment of vertical stress was applied with 48 
h interval. Maximum vertical stress reached was 
1.18 MPa. The samples to be tested under satu-
rated conditions were fully saturated by imbibi-
tion with distilled water for 48 h under the vertical 
stress of 12.5 kPa. Initial suction was 85 MPa cor-
responding to the relative humidity of the labora-
tory (HR = 56%, T = 20ºC).

Compressibility index, Cc, swelling index, Cs, 
and time-dependent compressibility index, λt were 
measured. The results of all the oedometric tests 
performed are plotted in Figure 4. The compress-
ibility and swelling indexes Cc and Cs are shown 
in Table 2 as well as the effective yielding stress, 
σ’y. For the dry material it is assumed that effective 
stress is equal to total stress as there is no water in 
the voids between the fragments (u = 0).

From the analysis of Table 2 and Figure 4, the 
four materials can be divided into two groups. 
One containing Abadia marls and kaolin, because 
they are water sensitive, and another containing 
gravel and LECA, since they do not seem to be 
water sensitive. The compression indexes obtained 
from saturated tests of the water sensitive materi-
als marls and kaolin are very similar to the com-
pression indexes obtained in tests performed with 
reconstituted materials for marls (Cardoso 2009) 

and kaolin, also presented in Table 2. This confirms 
structure loss.

The materials from the first group show simi-
lar compression indexes when dry and saturated 
tests are compared separately and they both suf-
fered collapse when wetted under the vertical stress 
of 12.5 kPa. This means that water disrupts frag-
ments physically. The grains lose internal bounda-
ries, therefore become softer and thus the set of 
fragments become similar to clayey materials. 
Figure 5 shows the different granular structures 
observed for marl fragments. Initial structure is 
shown in Figure 5a. The increment of vertical stress 
in dry conditions leads to significant crushing but 
fragments can still be distinguished (Fig. 5b). The 
individual fragments are no longer visible if  ver-
tical stress is applied in full saturated conditions 
(Fig. 5c). Similar behaviour was observed for 
kaolin.

For kaolin, the disruption of its structure does 
not only occur if  water is present. In fact, at the 

Table 2. Data from the oedometer tests.

Marls Gravel Kaolin LECA

Dry test Cc 0.670 0.140 0.526 2.870
Cs 0.030 0.017 0.042 0.037
σ’y (kPa) 230 300 55 120

Saturated test Cc 0.223 0.135 0.320 2.554
Cs 0.082 0.017 0.062 0.044
σ’y (kPa) ‒ 260 ‒ 120

Reconstituted Cc 0.325 ‒ 0.323 ‒

Figure 4. Results of the oedometric tests performed for 
all the materials.
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vertical stress of 387.5 kPa an inflexion can be 
observed, which means the void ratio starts to 
decrease with further stress increment. This can be 
explained by severe particles crushing and higher 
strain energy is necessary for further crushing. 
This will also be observed in the next sections.

The second group, containing gravel and LECA, 
does not seem to be water sensitive because the 
results of each material have no significant differ-
ences between their dry and wet tests. The higher 
compressibility of LECA is explained by particle 
breakage, erosion and rearrangement. Since the 
maximum tension attained in oedometric tests 
did not reach the maximum strength of gravel, 
the volume changes observed during the com-
pression of this granular material is only due to 
rearrangement.

Another distinction can be made for the four 
materials when dry tests are analysed. Marls and 
gravel are much more resistant than kaolin and 
LECA. The mineral composition and the com-
pacted structure of each grain explain the strength 
of the first two materials and this strength explains 
the lower decrease in void ratios for marls and 
gravel, unlike the observed for kaolin and LECA 
(Δemarls = 0.481; Δegravel = 0.104; Δekaolin = 1.013; 
ΔeLECA = 2.914).

5.2 Grading size distribution and crushing tests

For granular materials such as those studied in this 
work, applied stress is equilibrated by intergranu-
lar forces. These forces can increase with applied 
stress and can be very large, explaining therefore 
particle breakage or even crushing. For this rea-
son, changes in grading size distribution caused 
by loading and/or wetting depend on the strength 
of the fragments of the granular material. Those 
changes can be described by the Hardin index, Br, 
which measures particles relative breakage having 
initial grading size distribution curve as reference 
(McDowell et al., 1996). That index varies between 
0 (no breakage) and 1 (theoretical limit of full 
breakage).

The Hardin indexes presented in Table 3 were 
computed considering the results of the tests previ-
ously presented in Figure 4, as well as for the case 
of the full saturated material where vertical stress 
was not applied. They show that gravel is the mate-
rial which fragments break less, marls are the mate-
rial which fragments break more but only when 
fully wetted, high breakage is found for kaolin for 
both dry and saturated tests, as well as for LECA. 
For this last material, however, breakage occurs 
only when vertical stress is applied. Also, erosion 
occurs besides breakage due to its porous matrix 
and is independent from water presence. Detached 
grains rearrange and thus explain the large reduc-
tion in void ratio observed in the oedometer tests.

The differences observed can be explained by 
the individual strength of particles. Crushing tests 
were performed on single particles of the differ-
ent materials (Barata 2011). These tests were per-
formed on dry and saturated conditions and the 
results are presented in Table 4. The measured 
strength follows the sequence gravel, marls, LECA, 
kaolin, from the strongest to the weakest dry mate-
rial, and follows the sequence gravel, LECA, marls, 
kaolin, from the strongest to the weakest wet mate-
rial. LECA and gravel have approximately the 
same strength either dry or wet, but marls and 
kaolin have both three times more strength dried 
then when wetted. This data is in accordance with 
the compressibility values obtained for the differ-
ent materials (see Table 2) and confirms the micro-
mechanical origin of the volumetric behaviour of 
the granular materials studied.

The results of the crushing tests confirm the 
changes in grading sizes distribution curves. Gravel 
is the strongest material, dry or wet, thus it was 
expected to be the material with the lowest relative 
breakage. On the other hand, kaolin is the mate-
rial with lowest strength; however this material 

Figure 5. Structural changes suffered by marl aggre-
gates subjected to different loading conditions.

Table 3. Hardin indexes, Br.

Test Marls Gravel Kaolin LECA

Dry* 0.191 0.007 0.398 0.351
Saturated** 0.460 0.000 0.329 0.019
Saturated* 0.495 0.009 0.278 0.347

* after the oedometer test; ** without any stress 
increment.

Table 4. Compressive strength measured in the crush-
ing tests.

Marls Gravel Kaolin LECA

Dry (kN) 0.093 0.490 0.008 0.070
Saturated (kN) 0.030 0.490 0.003 0.052
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presents the highest Br only for the dry test, which 
can be explained by experimental error during siev-
ing process. The differences observed by compar-
ing the water sensitive materials, kaolin and marls, 
were not expected because Br should increase for 
the full saturated case. In fact, after wetting marls, 
individual grains are still visible, whereas for kaolin 
this is not possible. This result is expected because 
kaolin grains become softer than marls grains 
because this soft rock preserves some bonds after 
wetting.

Gravel shows practically no breakage increase 
and LECA almost none when wetted without any 
load. This corroborates the fact that they are not 
water-sensitive. Since gravel is stronger than LECA 
it has lowers Br but greater than 0. These are 
explained by abrasion that occurs due to particle 
rearrangement forced by the loading. For LECA, 
the high Br is explained by particle breakage and 
erosion.

5.3 Permeability

Void ratio and its evolution with loading affect 
the circulation of water between the large pores 
of the granular materials studied. Therefore, the 
comparison of the values of saturated permeabil-
ity is another way of comparing structural changes 
associated to grain breakage and softening.

Taylor’s method was used to derive saturated 
permeability of the marls and kaolin from the 
saturated oedometer tests, for which the values 
for the initial and final loading in fully saturated 
conditions are presented in Table 5. Permeabil-
ity of Abadia marls and kaolin decreases about 
10,000 times with stress increment. Water and 
stress applied destroy their granular structure. The 
aggregate material becomes a clayey soil, which is 
in accordance with the permeability value meas-
ured (about 10–12) usual for clayey materials.

Saturated permeability was measured in a per-
meameter cell for the gravel and LECA, without 
loading, because the fragments do not convert into 
clay and therefore Taylor’s method is not valid. 
These two materials show a permeability expected 
for coarse sands, as expected accordingly with their 
grading size distribution curves.

The reduction in void ratio during the test expe-
rienced by the marls and kaolin explains the strong 

permeability reduction during the increment of 
vertical stress. The higher the void ratio reduction, 
the higher is the permeability reduction. Therefore 
it can be expected that permeability of gravel does 
not change meaningfully during the experiment, 
but the permeability of LECA probably reduces 
significantly. Nevertheless LECA has no clay min-
erals in its constitution, thus have no high water 
absorption capacity and therefore its final perme-
ability is probably higher than those of the marls 
and kaolin.

5.4 Time-dependent compressibility

Time-dependent compressibility index, λt (Eq. 2), 
against vertical stress is plotted in Figure 6. It indi-
cates how these materials behave under constant 
stress during a certain time. The increment of this 
index with increasing vertical stress (slope of the 
linear relationship of the figure) indicates particles 
breakage (Oldecop & Alonso 2001).

λ εtλλ d
d t

=
( n )t  

(2)

It can be observed that the compressibility evo-
lution in time of all the materials, when dried, is 
function of applied stress. This is a rockfill-type 
behaviour, expected because the grains of the gran-
ular materials break and rearrange under constant 
stress.

Increasing slopes of the linear relationships 
in Figure 6 are in accordance with fragments 
strengths. In fact, gravel is the strongest material 
and water insensitive, and therefore the linear rela-
tionship is almost horizontal. After gravel come 
the marls, then LECA and kaolin, at the end, with 
the highest slope.

Gravel and LECA show similar behaviour 
whether they are dry or wet, i.e. their time-strain 

Table 5. Permeability according to test instant (m/s).

Marls Gravel Kaolin LECA

initial 8.2 × 10−8 4.87 × 10−7 1.3 × 10−8 4.53 × 10−7

final 2.4 × 10−12 ‒ 5.7 × 10−12 ‒
Δe 0.515 0.099 0.682 2.632 Figure 6. Time-dependent compressibility versus verti-

cal stress: dry (—) and wet (- - -).
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relationship is stress dependent. Nevertheless, the 
slopes of the linear relationships are higher when 
water is present, which means their grains break 
and rearrange more easily with water. This is the 
rockfill-type behaviour mentioned, and water is 
acting as a corrosive agent. When fully saturated, 
marls and kaolin develop strains regardless of 
stress level. This can be explained by the fact that 
these two materials when wetted behave as clayey 
materials in which viscous effects rule the volumet-
ric behaviour instead of fragments breakage.

6 CONCLUSIONS

The compressibility of the granular materials 
studied can be explained from a micromechanical 
point of view. Deformations due to particle break-
age and some erosion occur for materials that 
have some stiffness but have low strength in com-
parison with the stresses applied. This is the main 
mechanism for all the materials when dried. The 
deformations increase in full saturated conditions 
when crushing strength of the materials decrease 
due to their water sensitivity. For the marls and 
kaolin, water acts breaking internal bonds and the 
particles shape of these two materials change and 
the grains become softer. As consequence, these 
materials behaviour becomes similar to that of 
clayey materials, strong collapse deformations are 
observed with large reduction in the void ratio and 

compressibility becomes close to the value found 
for reconstituted materials.
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Progressive emergence of double porosity in a silt during compaction
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A. Desideri
Dipartimento di Ingegneria Strutturale e Geotecnica, Sapienza Università di Roma, Roma, Italy

ABSTRACT: The paper deals with an experimental investigation of water retention properties of 
a statically compacted unsaturated low plasticity silt. The objective is a deeper understanding of the 
evolution of an aggregate type fabric at different initial conditions in terms of void ratio and water 
content. A series of Mercury Intrusion Porosimetry tests (MIP) were performed to provide informa-
tion about factors influencing fabric changes (effect of mechanical stress due to sample compaction) 
and fabric-properties relationships (water re-tention curve related to porosimetry). The arrangements of 
aggregation/particles are also investigated with Environmental Scanning Electron Microscopy (ESEM). 
The experimental data has been used to calibrate a multimodal water retention model for aggregate which 
is obtained by linear superposition of sub-curves of the van Genuchten type modified. By comparing 
the WRC obtained by MIP and under suction controlled conditions it has been found a good agreement 
between the two method for the drying path.

As pointed out by various author (e.g., Romero 
et al., 2000) two main mechanisms generally gov-
ern the storage of water inside a soil: the first 
mechanism is mainly related to free water flow 
inside the macropores between aggregates/grain; 
the second one is related to water adsorption at the 
intra-aggregate level. While the second mechanism 
is virtually independent of the void ratio, the first 
one is coupled with the mechanical response of the 
soil (e.g., Vaunat et al., 2000; Casini 2012; Casini 
et al., 2012b).

In the literature few works on the microstruc-
tural behaviour on compaction are devoted to low 
activity soils with clay content less than 25%. These 
silty soils have a low tendency to form aggregates 
and are characterized by a mono-modal pore size 
distribution, which makes them no so attractive for 
the study of microstructural features. Neverthe-
less, under certain circumstances these low activ-
ity soils develop an aggregated structure (double 
porosity), which enhances their microstructural 
sensitivity to loading and water content changes. 
The current paper specifically focuses on the devel-
opment and changes undergone on an aggregated 
structure induced by different initial conditions 
applied on a silty material. This kind of aggregated 
microstructure has important consequences on the 
water retention properties. To properly describe 
its evolving water retention character, a multimo-
dal retention model is proposed by considering a 

1 INTRODUCTION

The soil structure of compacted soils depends on 
void ratio and water content at compaction. The 
ad-vent of techniques such as mercury intrusion 
porosimetry (MIP), useful to study the pore size 
distribution, and environmental scanning elec-
tron microscopy (ESEM), able to visualize micro-
structural features at different hydraulic state led 
to important understanding of the soil structure 
evolution during hydro-mechanical paths (e.g., 
Monray et al., 2010; Casini et al., 2012).

The structure of most coarse-grained, or granu-
lar, soils display a mono-modal pore size distri-
bution, as there is little tendency of the grains to 
adhere to each other and to form aggregates. The 
actual arrangement and internal mode of pack-
ing of the grains de-pends upon the distribution 
of grain sizes and shapes, as well as upon the 
manner in which the material has been deposited 
or formed in place. In soils with an appreciable 
content of clay, the primary particles tend, under 
favorable circumstances, to group themselves into 
structural units known as secondary particles, or 
aggregates. Such aggregates are not characterized 
by any universally fixed size, nor are they necessar-
ily stable. The visible aggregates, which are gener-
ally of the order of several millimeters to several 
centimeters in diameter, are often called peds, or 
macro-aggregates.
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linear superposition of two sub-curves of the van 
Genuchten (1980) type, which allow having a bet-
ter insight into the micro-structural features and 
their consequences at macro-structural level.

1.1 Material

The material used in the tests is an aeolian silt 
extracted from a layer of alluvial soil located at 
Jossigny, East of Paris, France. The behaviour of 
the saturated and unsaturated state of this material 
was studied by various authors (Cui (1993), Casini 
(2008), D’Onza et al., 2011).

The soil is classified as low plasticity silt (CL) 
(Figure 1) with presence of a significant fraction 
of clay (25%). Clay minerals determined by X-ray 
difractometry are illite, kaolinite and inter-stratified 
illitesmectite. No significant swelling properties 
have been observed on wetting (Cui and Delage, 
1996). In situ water content is around 22%.

The grain size distribution of the soil and the 
grain size distribution function are reported in 
figure 1. The soil is classified as silty clay of low 
plasticity according to the USCS.

Several samples of Jossigny silt compacted at dif-
ferent void ratio and water contents were saturated 
for a vertical stress σv = 200 kPa by Casini (2008). 
The results of the saturation phase are reported in 
Figure 2 in the plane axial strain induced by satu-
ration Δεasat versus initial void ratio e0. The samples 
exhibit collapse (compression) behaviour upon 
wetting that decreases with the initial void ratio.

1.2 Experimental program

Twenty MIP tests were performed at five different 
void ratios e (0.5–0.9 ) and four gravimetric water 
content w (%) (13–21 ) (Figure 3a). Some MIP 
tests have been also repeated adding dissolved salt 
(NaCl) 0.5–3 molar (circles in Figure 3). The tested 
sample, the saturation line and the Proctor curve 
are reported in Figure 3 in the plane void ratio e 
gravimetric water content w (%). The samples were 
prepared by one-dimensional static compression. 
The appropriate mass of loose soil was initially 
mixed to the target water content and then com-
pacted statically with a press with the readings of 
the compaction forces. In figure 3b are reported 
the vertical stress needed to reach the target void 
ratio for each MIP sample. The compaction ver-
tical stress increases as the void ratio decreases, 
changing the water content the trend is similar. 
The curves are shifted to the right as the wa-ter 
content decreases. The value range between 50 kPa 
(w = 21% e = 0.9) and 2800 kPa (w = 13 e = 0.5) 
(Casini et al., 2012).

Some MIP tests have been also repeated add-
ing salt (NaCl) 0.5–3 molar (circles in Figure 3). 

Figure 1. Jossigny silt: (a) Grain Size Distribution; 
Grain Size Density Function.

Figure 2. Deformation at saturation stage for different 
initial void ratios (after Casini et al., 2012).

The salt was added in order to modify the activity 
of the finer particle and to check if  the structure is 
essentially related to the activity of the clay frac-
tion. The salt has been used as an artificial way to 
deeper understand the phenomena of the double 
porosity emergency and its evolution. The salt was 
dissolved in the water and the mixture was added 
to the ovendried soil powder as for the others 
samples.
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2 EXPERIMENTAL RESULTS

In Figure 4 are reported the results of the MIP tests 
for the same gravimetric water content and differ-
ent void ratio e in terms of PSD* = PSDenw/e 
where PSD = −Δenw/Δ(logd) is the Pore Size Distri-
bution, enw = Vnw/Vs the void ratio of non wetting 
fluid, d the pore diameter, Vnw the volume of non 
wetting fluid and Vs the volume of solid particles. 
The shape of the PSD* is given by w. It is interest-
ing to note for the lower w = 13% the PSD* is quasi 
mono-modal, the peak value is centered around a 
diameter D = 5 mm (about 25% of the bigger peak 
diameter of the grain size density function Fig. 4a) 
while as the w increase a new “pore family” appears 
(w = 15% Fig. 4b). This emergence of the double 
porosity move progressively as the water content 
increases (w = 18% Fig. 4c) and tend to disappear 
for w = 21%.

The results are also reported in Figure 5 for 
the same void ratio and different water content. 
The curves trend are similar for the different void 
ratio. It is evident the quasi mono-modal structure 
of  the lower water content which progressively 

change to a double porosity structure where the 
macro (M) peak value move to DM = 8–10 mm 
and a macro-micro (Mm) porosity emerge for 
a DMm = 1 mm. While for the higher water con-
tent the double porosity became narrow with a 
DMm = 1.5–2 mm and DM = 7–9 mm (exception 
e = 0.6 w = 21%).

The results are compared with the no-salty 
samples in figure 6 in order to investigate the sta-
bility of smaller pores with an elettrolitical solu-
tion. The structure related to the increasing water 
content and to the subsequent swell of the aggre-
gates is inhibit by the presence of salt. The micro 

Figure 3. Tests: (a) MIP samples (with salt circle), 
ESEM (circle) with and without salt, Proctor Curve and 
iso Degree of Saturation Sr in the plane w−e; (b) compac-
tion vertical stress measured versus void ratio measured 
for compacted the samples at target void ratio e and w.

Figure 4. Normalised PSD/enw•e versus pore diameter 
for the same gravimetric water content w: (a) w = 13%; 
(b) w = 15%; (c) w = 18%; (d) w = 21%.

Figure 5. Normalised PSD/enw*e versus pore diam-
eter for the same void ratio e: (a) e = 0.50; (b) e = 0.60; 
(c) e = 0.67; (d) e = 0.80; (e) e = 0.90.

CAICEDO.indb   427CAICEDO.indb   427 12/27/2012   5:00:44 PM12/27/2012   5:00:44 PM



428

aggregation is blocked. The pores size diameters 
are smaller with salt. During a drying process in 
salty soils the salt is deposited.

3 CONSEQUENCES ON WATER 
RETENTION PROPERTIES

The MIP results can be used to obtain the rela-
tionship between the suction and the degree of 
saturation or water content at constant void ratio. 
The mercury intrusion is assimilated to the air-
intrusion (non-wetting fluid) during the drying 
path of the water retention curve. Thus the injec-
tion of mercury with a contact angle is equiva-
lent to the drain-age of the water induced by air 
front advancing for the same diameter of pores 
intruded. Under the hypothesis of non-deformable 
soil skeleton, the volume of pores non intruded by 
the mercury should be used to evaluate the degree 
of saturation or the water content corresponding 
to the equivalent applied air overpressure. Anyway, 
the non-intruded porosity by the mercury should 
be taken into account for estimating the residual 
water content in the evaluation of the water con-
tent. The WRC obtained is valid in the range where 
the capillarity is the predominant physics mecha-
nisms, usually for suction s < 2 MPa.

The water ratio ew = Vw /Vs = Sr∙e is estimated by 
the following equations:

e e enw w

w nw rnwe ew enw e
+ =ew

−e ( )rnwSr  
(1)

Where enw is the non wetting ratio (mercury), 
Sr and Srnw the degree of saturation of water and 
non—wetting fluid respectively (Sr + Srnw = 1) for a 
two fluid mixture).

In Figure 7 are reported the WRC obtained 
after the correction for taking into account the 

non-intruded porosity and the adsorbed water. 
The residual water ratio as been taken ewres in agree-
ment with the measures performed with a WP4 at 
different void ratios.

The water ratio ew = Vw/Vs where Vw is the volume 
of water and ewres is the residual water ratio. The 
results are reported in the plane water ratio ew-
suction s for the same water content (Figure 7a) 
and the same void ratio (Figure 7b). As the void 
ratio decreases, the air entry value increases and 
the curves are steeper. This trend is consistent for 
the four gravimetric water content investigated 
(Figure 7a). The increase of the compaction water 
content let the curves more dispersed in the higher 
range of suctions (s ≥ 100 kPa).

The driest samples (w = 13%) shows a more 
rigid behaviour before the air entry value, after 
that curves are flatter than the more wetted sam-
ples (Figure 7b). This behaviour persisting for the 
five void ratios explored. For the same compaction 
water content the form of the curves are similar 
while the void ratio affect the air entry values of 
the curves.

Here the heterogeneity of the pore system 
induced by the compaction process is taking into 
account using a multimodal retention model, 
defined by Durner (1994) as a linear superposition 
of sub-curves of the Van Genuchten (1980) type 
with the following equation:

E e e
e e

w ni
k

m

wEE w we res

wres
i

i

i

= =
+= ( )s⋅

⎡

⎣
⎢
⎡⎡

⎢⎣⎣
⎢⎢

⎤

⎦
⎥
⎤⎤

⎥⎦⎦
⎥⎥∑

1
11

 

(2)

where Ew is the effective water ratio equal to the 
effective degree of saturation, k is the number of 
sub-system that assembled together give the global 
pore size distribution, wi are weighting factors for 
each sub-curves subjects to 0 < wi < 1 and ∑wi = 1. 
For the parameters of the sub-curves (αi, ni, mi) 

Figure 6. Comparison samples with-without dissolved 
salt PSD* versus pore diameter: (a) w = 13%; e = 0.80; 
(b) w = 15%; e = 0.67; (c) w = 18%; e = 0.6; (d) w = 21%; 
e = 0.6.

Figure 7. Drying path of Water Retention Curve 
deduced from MIP: (a) same water content.
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must be imposed the condition αi > 0, mi > 0, ni 
> 1. Here is imposed the additional constraint 
ni = 1/(1-mi).

Each sub-curve in Equation 2 differentiated two 
times with respect to the suction s give the rela-
tion between the suction pressure at the inflection 
point and the parameters given by the following 
expression: where sps

i
i

m

i

m i

=
−1

αi
 is the suction at 

the in-flection point in the Ew−s plane. Obtained αi 
from Equation (3) and substituting in equation (2) 
the water storage mechanisms in an heterogeneous 
porous medium became:
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The equation 2 is used for model the WRC 
data obtained by MIP. The experimental data are 
modelled with a bi-modal water retention model, 
obtained setting k = 2 in the above equation.

The pore capillary density function (PCF) is de-
fined as: PCF = ΔEw/Δlog(s) where Ew is the effec-
tive degree of saturation as defined above.

The model is calibrated best fitting the PCF 
obtained by experimental results as reported in 
Figure 8a. The area below the peak of lower suction 
is de-fined as w1 (macro area below the PCF) while 

Figure 8. Laboratory versus model prediction: (a) Pore 
capillary function (PCF) macro micro; (b) WRC derived 
from PCF (Casini et al., 2012).

Figure 9. Comparison model—data for different 
gravimetric water content.

w2 (micro area) is given by w2 = 1−w1 because the 
area below the curve corresponds to the unity. The 
suction at inflection points are named respectively 
spM and spm as reported in Figure 8a (Casini et al., 
2012).

The parameters obtained by the multimodal 
model have been calibrated as a function of void 
ratio and gravimetric water content.

A comparison between the model prediction 
and the experimental data is reported in Figure 8b, 
the model well fit the experimental results in the 
entire range of suction. Furthermore the model 
is able to well capture the change in shape of the 
retention curve at the inflection points for all the 
water content investigated (Fig. 9).

The data of drying path obtained under suction 
con-trolled conditions under oedometer condi-
tions has been compared with the model predic-
tion in Figure 10. Two drying curves have been 

Figure 10. Comparison along drying paths between 
experimental data under suction controlled conditions 
and model predictions (Casini et al., 2012).
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simulated, one for the path at lower density (void 
ratio at the beginning of the drying path e0 = 0.80) 
and the second for the path at higher density (void 
ratio e0 = 0.73). Curves have been normalised in 
order to fit the initial and final water contents of 
each path. The evolution is reasonable reproduced 
by the model for both changes in suction and verti-
cal load.

4 CONCLUSION

An extended microstructural investigation (MIP 
and ESEM) have been performed on Jossigny silt 
statically compacted at different initial void ratio 
and water content. The objective was a deeper 
under-standing of the evolution of microstruc-
tures changing on a silty soil and its consequences 
on the water retention properties. As highlighted 
by the experimental results the shape of the pore 
size distribution is induced by the compaction 
water content. The PSD is monomodal for the dri-
est tested conditions, because the water is not in 
half  to form aggregates for this kind of soil. The 
aggregates increasing in size and uniformity with 
the water content until to cover the silt/sand parti-
cles for the wettest tested conditions moving back 
to a quasi monomodal distribution.

Some tests were also repeated adding dissolved 
salt (NaCl) in the water. The salt has been used as 
an artificial manner to understand the evolution 
of double porosity. The swelling of aggregates has 
been inhibited by the salt, the microstructure has 
been blocked by the interaction between salt and 
clay fraction. During the drying the salt is depos-
ited, it is a way to investigate the stability of smaller 
pores with an electrolitical solution.

The drying path of the water retention curve 
obtained by MIP has been modelled with a multi-
modal retention model, where the weighted param-
eters are related to the area below the pore capillary 
distribution and the suctions at inflection points to 
the peak value of the distribution. The agreement 
be-tween the measured and the estimated WRC 
indicates that the multimodal prediction method 
lead to more realistic estimation of the retention 
properties of soils. The model parameters are 
related to the pore capillary distribution and have 
a clear physical meaning.

The comparison between the WRCs obtained 
with MIP and oedometer under suction control-
led condition were satisfactory. The two approach 
gives results in agreement under the same initial 
conditions, while some difference are highlight due 
to the change of microstructures induced by dif-
ferent stress path followed between oedometer and 
MIP tests.

The model is quite simple and must be validated 
for such engineering application involved com-
pacted soils where a commonly applied unimodal 
retention function is inadequate for conductivity 
estimation because they lack the necessary flexibil-
ity in the range of characteristic pores.
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ABSTRACT: It is generally accepted that swelling soils, after undergoing several suction cycles, present 
cu-mulative (swelling or shrinking) strains and can reach an elastic range called the equilibrium stage. It 
is im-portant to predict the final state of soil after it has undergone a sufficient number of cycles in order 
to investi-gate the long-term behavior of soil submitted to several wetting and drying cycles. In this paper, 
the equilibrium state for a mixture of bentonite/silt was investigated. Using the state surface approach, the 
cyclic cumulative strains of loosely and densely compacted samples were studied. A unique state surface 
was pro-posed at the end of several drying and wetting cycles for the final equilibrium state. Using the 
proposed mod-el, the cumulative behavior of an intermediately compacted sample during several suction 
cycles was appro-priately predicted.

prior tests showed that the equilibrium elastic state 
can be reached at the end of several cycles.

In this context, it is important to predict the 
long-term behavior of the soil after it has under-
gone a sufficient number of hydraulic cycles. This 
paper proposes a model for the cumulative strain 
of loosely, intermediately and densely compacted 
swelling samples during hydration cycles by using 
the state surface approach.

2 STATE SURFACE

The hydro-mechanical behavior of unsaturated 
expansive soils has been studied by several authors 
(e.g. Alonso et al., 1990, Fredlund and Rahardjo 
1993, Gens et al., 2006, Sheng et al., 2008, Zemenu 
et al., 2009). These authors concluded that the 
swelling behavior of unsaturated expansive clays 
can be described as a coupled response of soil to 
suction changes and applied stresses. There are 
relatively few models that integrate this coupled 
hydro-mechanical response in a unified frame-
work. The most frequently used model is the Bar-
celona Expansive Model (BExM) proposed by 
Alonso et al. (1999). The BExM can be consid-
ered a theoretical reference framework (22 param-
eters) for studying the unsaturated expansive clay’s 
behavior. A simpler method, the state surface 
approach, correlates the volume change to two 
independent stress state variables. The concept 
of state surface was first proposed by Matyas 

1 INTRODUCTION

Expansive soils are subjected to natural hydration 
cycles, which lead to the shrink-swell characteristics 
of soils that depend on the drying-wetting paths. 
The occurrence of shrink-swell hazards in clayey 
soils could affect the performance of surround-
ing lightly loaded structures. The shrink-swell 
phenomenon is also recognized as a costly natural 
hazard throughout the world because the cycles 
cause differential settlement beneath shallow foun-
dations. This settlement causes cracks in facades 
and structural elements, especially in unreinforced 
masonry elements (Chen, 1965; Nelson and Miller, 
1992; Fityus et al., 2004). Hence, understanding the 
behavior of unsaturated expansive clays is essential 
in the design and construction of individual struc-
tures, embankments and roads.

After swelling soils experience several suction 
cycles, it is accepted that the strain reaches an 
elastic range called the equilibrium stage. Tests on 
expansive soils reported by Dif and Bluemel (1991), 
Al-Homoud et al. (1995), Alonso et al. (2005) and 
Airo Farulla et al. (2010) showed the cumulative 
shrinkage of expansive soils exposed to cyclic wet-
ting and drying, which increases at higher vertical 
stresses. This behavior was explained by the con-
tinuous rearrangement of the soil particles lead-
ing to a less active microstructure. However, Chu 
and Mou (1973) and Pousada (1984) observed the 
opposite effect, where the swelling strains increase 
with the number of successive cycles. All of these 
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and Radhakrishna (1968) and was later used by 
Fredlund and Morgenstern (1977), Lloret and 
Alonso (1985), Fredlund and Rahardjio (1993), 
Gatmiri and Delage (1995) and Sheng et al. (2008) 
Jahangir et al. (2012). They showed that the stress 
state variables, net stress and suction, are necessary 
to describe the hydro-mechanical behavior of an 
unsaturated soil. The state surface was used as a 
simplified method in some practical problems with 
a simple stress path (Zhang and Lytton, 2009). 
Alonso et al. (1990) determined that the state sur-
face approach, with its unique constitutive surface 
used to describe unsaturated soil behavior, cannot 
explain the stress-path dependency and hysteresis 
behavior. Fredlund and Morganstern (1976) con-
ducted a series of monotonic loading stress paths 
on unsaturated swelling Regina clay and con-
cluded that, under monotonic loading conditions, 
a unique state surface can be considered. However, 
in the case of hydration cycles, each cycle requires 
a separate state surface. Moreover, Zhang and 
Lytton (2009) presented a modified state surface 
approach that is able to consider the suction hard-
ening behavior. This approach produced results 
similar to the BExM (Alonso et al., 1999). Vu and 
Fredlund (2006) reported that estimated volume 
change using the state surface approach should be 
adequate for most engineering analysis.

Lloret and Alonso (1985) proposed several ana-
lytical functions of state surfaces for different types 
of plastic soil. Vu (2003) proposed six functions to 
fit the void ratio constitutive surfaces of an unsatu-
rated expansive soil and tested these functions 
on swelling clay from Regina (Saskatchewan—
Canada). Herein, his first function (Unsat-1) was 
considered because of the small number of param-
eters (three) and its ability to model the experimen-
tal results (equation 1).

e a b ua ac w−a + ccog[ ( )ua ( )uau w−uau ]  (1)

In equation 1, a is the void ratio at zero net 
stress and suction. Parameter b represents the total 
volume change due to suction and stress changes. 
Parameter c represents the rate of volume change 
during a variation of suction and may be related 
to the swelling characteristic of the soil, such as 
plasticity index (Vu and Fredlund, 2006). The 
fitting parameters a, b and c can be obtained by 
oedometric or triaxial suction controlled tests. 
Figure 1 shows the state surface for a swelling soil 
(Regina clay).

The concept of state surface, as defined by Vu 
(2003), is used in this study to quantify the volume 
change during a drying or wetting phase with a 
simple stress path, taking into account the coupled 
hydro-mechanical behavior.

3 EXPERIMENTAL RESULTS

Nowamooz and Masrouri (2008, 2009a, 2010) 
studied the hydromechanical behavior of an arti-
ficial compacted mixture of 40% silt and 60% ben-
tonite after several wetting and drying cycles at 
the equilibrium stage. The samples, with an initial 
water content of 15%, were compacted at three dif-
ferent initial states: loose, intermediate and dense. 
The initial dry densities of the compacted soils are 
1.27 ± 0.01, 1.48 ± 0.01 and 1.55 ± 0.01 Mg/m3, under 
a vertical pressure of 1,000, 2000 and 3,000 kPa. 
The initial matric suction, measured by the contact 
filter paper method (ASTM 1995a), was between 
20 and 25 MPa for all compacted samples.

Nowamooz and Masrouri, (2010) previously 
demonstrated that the strain accumulation of the 
swelling soils can be related to their initial state. 
Figure 2 shows the variation of the void ratio dur-
ing successive wetting and drying cycles between 
0 and 20 MPa without applying any vertical 
stress. The loose samples demonstrated shrinkage 
whereas the dense samples demonstrated swelling. 
The experiment shows that the samples exhibit 
reversible behavior, where different initial densities 
have a trend to reach the same state of void ratio 
after undergoing weting-drying cycles.

Figure 3 presents the variation of the void ratio 
for loosely, intermediately and densely compacted 
soils during wetting and drying cycles between 0 
and 8 MPa with applied vertical stresses of 15, 30 
and 60 kPa, respectively. The first wetting path 
from 20 to 8 MPa produced an expansion for all 
samples. During the following successive cycles of 
0 and 8 MPa, the loose samples had a shrinkage 
accumulation whereas the intermediate and dense 
samples had a swelling accumulation. At the end of 
the suction cycles, the volumetric strains converged 
once more towards a unique equilibrium stage.

The applied stress intensity influenced the 
amount of shrinkage or swelling accumulation, par-
ticularly at the end of the first wetting and drying 
cycle. It can be concluded that, as the applied stress 

Figure 1. The state surface for expansive clay, proposed 
by Vu (2003) and fitted for Regina clay.
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is increased, the shrinkage accumulation increases 
and the swelling accumulation decreases.

4 MODELING RESULTS

The experimental results from loosely and densely 
compacted samples (1.27 and 1.55 Mg/m3) were 
interpreted using the state surface proposed by Vu 
(2003). Using the fitted parameters of this model at 
two different initial states, the cumulative behavior 

of the intermediate sample (1.48 Mg/m3) during 
several suction cycles was predicted.

After three suction cycles between 0 and 8 MPa 
for loose and dense samples, it was thought that the 
equilibrium stage was reached. The fitted state sur-
face for each wetting and drying path is presented 
in Figure 4, and the parameters of these surfaces 
(equation 1) are summarized in Table 1.

Table 1 shows that parameter a, which repre-
sents the void ratio value under zero suction and 
stress, decreases gradually with increasing cycles 
for the loose sample (cumulative shrinkage), 
whereas it increases regularly for the dense sample 
(cumulative swelling). There is a similar tendency 
for parameter b.

Subsequently, the evolution of the state sur-
face parameters a and b can be related to the cycle 
number with the following equations:

αnnβ
 (2)

b nγ nnλ
 (3)

Variable n is the cycle number and α, β, γ and λ 
are the soil parameters depending on initial state 

Figure 2. Variation of the void ratio, in cyclic control-
led-suction paths at a null vertical stress, for densely and 
loosely compacted bentonite and silt mixtures (Nowa-
mooz and Masrouri, 2010).
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Figure 3. Variation of the void ratio in cyclical control-
led suction paths for loose, intermediate and dense com-
pacted bentonite and silt mixtures a) at a vertical stress of 
15 kPa, b) at a vertical stress of 30 kPa and c) at a vertical 
stress of 60 kPa.

Figure 4. State surface fitted using equation 1 for each 
cycle of compacted samples (1.27 and 1.55 Mg/m3).

Table 1. Fitted Parameters of surface for each wetting 
and drying path.

Soil type
parameters

Loose
(γd = 1.27 Mg/m3)

Dense
(γd = 1.55 Mg/m3)

a b c a b c

1-Wetting 1.554 0.2 0.01 1.1 0.085 0.5
1-Drying 1.539 0.176 0.15 1.15 0.106 0.15
2-Wetting 1.4 0.17 0.011 1.23 0.11 0.5
2-Drying 1.392 0.148 0.15 1.27 0.13 0.15
3-Wetting 1.33 0.146 0.015 1.29 0.135 0.4
3-Drying 1.31 0.141 0.15 1.3 0.142 0.15
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of soil. Table 2 presents these parameters for the 
two studied samples.

The parameters α and γ correspond to values 
a and b for the first wetting path in Table 2. The 
parameters β and λ correspond to cumulative 
behavior of the sample during the suction cycles 
in relation to its initial loose and dense state. For 
the loose samples, these parameters are negative, 
causing a decrease in the parameters a and b with 
increasing cycle number. This produces a cumula-
tive shrinkage during the wetting and drying cycles. 
The opposite variation of β and λ parameters can 
be observed for the dense samples.

Parameter c remains constant during the drying 
paths and varies slightly during the wetting paths 
(Table 1). To estimate the variation of this param-
eter with the cycle number, the average values for 
the wetting path (0.43 for the dense sample and 
0.015 for the loose sample) and the value for the 
drying path (0.15 for both dense and loose sam-
ples) were used. This difference may be related to 
the hysteresis phenomenon. For the loose sample 
where a cumulative shrinkage was observed during 
the cycles, the drying cycle products higher volume 
variation. In this case, parameter c is higher for 
the drying cycle than for the wetting cycle. For the 
dense sample, the trend is opposite, and the param-
eter c is higher for the wetting phases.

Figures 5-a, -b, and—c show the evolution of 
parameters a, b and c during wetting-drying paths 
as well as their estimated values. The figure illus-
trates that parameters a and b of the loose and 
dense samples reach the same value after under-
going 7 wetting and drying paths. The last drying 
path (cycle 6 in Figure 4) presents the critical state 
surface of the equilibrium stage for both loose and 
dense samples, with the estimated parameters com-
ing very close to each other. The critical state at the 
equilibrium stage will present a unique shape dur-
ing the following drying paths expressed by:

og sLog1 30 0 41 1510. . ( .1 0+ + )  (4)

The proposed model was used to predict the 
cyclical behavior of the intermediate samples 

(initial dry densities of 1.48 Mg/m3). To estimate 
the parameters for the intermediate samples, a lin-
ear regression was performed between the loose 
and dense soils parameters presented in Table 3.

Because the values of parameter β are positive, 
cumulative swelling strains are expected during 
wetting and drying cycles. Figures 6-a, -b and—c 
show the evolution of the estimated parameters 
a, b and c during wetting-drying paths with cycle 
number.

The estimated parameters of the model make 
it possible to predict the cyclic behavior of the 
intermediate sample. Figures 7-a, b and c show the 
model predictions for the applied stresses of 15, 30 
and 60 kPa compared to the experimental results. 

Table 2. Parameters of equations 2 and 3 for the loose 
and dense samples.

α, γ β, λ

Loose
γd = 1.27 Mg/m3

a 1.569 −0.088

b 0.197 −0.148

Dense
γd = 1.55 Mg/m3

a 1.104  0.087

b 0.091  0.209

Figure 5. Evolution of the surface parameters for loose 
and dense samples as a function of cycle number.
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A high correlation can be observed between the 
modeling and experimental results.

5 CONCLUSION

In this paper, the influence of consecutive wet-
ting and drying cycles on expansive compacted 
loose and dense soil samples was studied. The 

wetting and drying cycles were applied under dif-
ferent values of constant vertical net stress. The 
dense samples showed cumulative swelling strains, 
whereas the loose samples showed an accumula-
tion of volumetric shrinkage. At the end of several 
wetting and drying cycles, the volumetric strains 
converged to an equilibrium stage.

The equilibrium state for a mixture of 
bentonite/silt was primary investigated. Using 
the state surface approach, the cyclic cumulative 
strains of loosely and densely compacted samples 
were studied. This datum allowed for a unique 
state surface to be proposed at the end of several 
drying and wetting cycles. Using this approach, 
the cumulative behavior of an intermediately com-
pacted sample during several suction cycles was 
appropriately predicted.

Table 3. Parameters of equations 3 and 4 for the inter-
mediate sample.

Parameter a b c

Intermediate
γd = 1.48 Mg/m3

α = 1.220 γ = 0.0436 Wetting = 0.15

β = 0.0915 λ = 0.114 Drying = 0.32

Figure 6. Evolution of the surface parameters for the 
intermediate sample as a function of cycle number.

Figure 7. Model prediction for the intermediate sam-
ples with vertical stresses of: 15 kPa, 30 kPa and 60 kPa.
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Assessment of the critical state strength of unsaturated aggregated soils
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ABSTRACT: Engineers frequently have to assess the strength of the ground from limited observational 
and laboratory test data. The problem becomes particularly difficult when dealing with unsaturated soils. 
The paper examines the strength of unsaturated fine-grained soils and the possibility of assessing appro-
priate critical state strength parameters for analyses from limited information. The derivation of param-
eters and applicability in stability analysis are discussed.

is the question posed and an attempt is made to 
provide some guidance and to raise discussion.

2 CRITICAL STATE STRENGTH

Murray and Sivakumar (2010a and b) developed 
an analysis for the critical state strength of unsatu-
rated fine-grained soils. Such soils are shown to 
form aggregates comprising the soil particles and 
water which influence soil strength. The analysis 
is based on the following controlling stress equa-
tion determined from thermodynamic equilibrium 
considerations:

p p s
v
vc
w′ = +p

 
(1)

where, pc
′  is defined as the coupling stress; p is the 

mean net stress (p − ua); s is the matric soil suc-
tion (ua − uw); ua is the pore air pressure (generally 
the datum of atmospheric pressure in practice 
and equated to zero); uw is the pore water pressure 
(negative in unsaturated soils); vw is the specific 
water volume (vw = 1 + Sre); v is the specific volume 
(v = 1 + e); e is void ratio; Sr is degree of satura-
tion; p is the mean stress (under triaxial conditions 
p = (σ1 + 2σ3)/3)); σ1 is the axial stress under triaxial 
conditions; σ3 is the cell pressure or lateral stress 
under triaxial conditions

Figure 1 shows a plot of q/s (where the devia-
tor stress q is given by (σ1 – σ3)) against p sc

′  for 
kaolin from the results of Sivakumar (2005) and 
Sivakumar et al. (2009). The results show a con-
sistent trend with a slope of Ma and an intercept 
Ω = 0.6 on the q/s axis at p sc

′ = 1. Similar rela-
tions have been show for a range of soil types 
and test protocols where aggregation of particles 

1 INTRODUCTION

Determination of the strength of unsaturated soils 
requires complex laboratory testing which is time 
consuming and may in practice be deemed prohibi-
tively expensive. Such testing is at present limited 
mainly to research facilities. Commercial laborato-
ries have been slow to expand their testing capa-
bilities into unsaturated soil testing and practicing 
engineers are not in a position to utilise unsatu-
rated soil mechanics principles on a routine basis.

Testing under unsaturated conditions may be 
deemed essential for large prestigious projects, 
such as underground nuclear waste depositories, 
large earth dams, major slope stability projects and 
the like. But practicing engineers are frequently 
called on to assess stability of small, though per-
haps important projects, where because of mone-
tary, time or client restraints detailed testing is not 
undertaken. This might include excavation stabil-
ity as in quarries where the faces are to stand open 
for a limited time period, design of embankment 
or cutting slopes for transport systems where vari-
able ground conditions and significant changes in 
environmental factors during their lifetime require 
engineering judgment, and foundation stability 
situations where the perception of ground move-
ment is a major consideration to occupants of 
buildings. Particular problems are encountered 
with fine-grained soils. In such circumstances the 
engineer frequently reverts to assumptions of satu-
rated conditions (or in the case of granular soils 
possibly to perfectly dry soil mechanics principles) 
and thankfully usually provides a reliable though 
probably conservative answer.

How might a practicing engineer get a handle 
on the strength of a soil in an unsaturated state 
and use the information to assess stability? This 
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is known to occur (Sivakumar, 1993 and Wheeler 
and Sivakumar 1995 and 2000 for kaolin; Toll 1990 
for Kiunyu gravel; Toll and Ong 2003 for Jurong 
soil; Maâtouk et al. 1995 for Trois-Rivières silt). 
The results are summarised in Table 1. Though Ma 
varies with soil type and in some cases with test 
protocol, Ω = 0.6 appears constant provided aggre-
gation occurs.

The following relationship may be derived from 
Figure 1.

q
s

M
p
saM c −= M

⎡

⎣
⎢
⎡⎡

⎣⎣

⎤

⎦
⎥
⎤⎤

⎦⎦
+

′
1 Ω

 
(2)

Substituting for pc
′  from Equation 1, this may 

be written as,

q M p M sa bM p MM paM p  (3)

where,

M M
v
vb aM M w −MM ⎡

⎣⎢
⎡⎡
⎣⎣

⎤
⎦⎥
⎤⎤
⎦⎦

+1 Ω
 

(4)

Ma and Mb are the total and suction stress ratio 
parameters but should not be confused with those 
of Toll 1990, which were determined in a different 
manner. In the above analysis the only unknown 
strength parameter that needs to be determined 
from experimentation is Ma, the other variables 
including Mb are reliant on only the readily 
measurable or assessed soil properties of s, vw/v 
and p. The term M paMM  in Equation 3 represents the 
deviator stress component influenced by the net 
stress p and Mbs the additional component due to 
the suction s within the aggregates which contain 
the water phase.

Murray and Sivakumar (2010b) report the fol-
lowing theoretical equation for Ω, which is pre-
sented for completeness. This has been shown to 
give a value of Ω = 0.6 for kaolin (as well as the 
other soil types of Table 1) consistent with the 
determination of Figure 1.

Ω = M naM *
 (5)

where, n* is the porosity for a loose dry aggregated 
soil.

3 DETERMINATION OF CRITICAL STATE 
STRENGTH FROM TRIAXIAL TESTS

Test data analysed by Murray and Sivakumar 
(2010a and b) indicate that testing in the triaxial cell 
can give rise to variations in Ma not just between 
material types but between tests on the same mate-
rial if  different test procedures are employed. For 
example, tests on kaolin on specimens initially one 
dimensionally compressed and then tested under 
constant suction conditions (1d-cs) (Sivakumar, 
1993 and Wheeler and Sivakumar 1995 and 2000) 
gave a value of Ma = 0.86 while specimens initially 
isotropically prepared and tested under constant 
suction (iso-cs) and specimens initially isotropically 
or one-dimensionally prepared but tested under 
constant water mass (iso-cwm and 1d-cwm respec-
tively) gave a value of Ma = 1.00 as in Figure 1 
(Sivakumar, 2005 and Sivakumar et al., 2009). 
This highlights the importance of any testing 
undertaken being representative of the conditions 

Figure 1. q/s against p sc
′  at critical state from iso-cs, 

iso-cwm and 1d-cwm test results of Sivakumar (2005) and 
Sivakumar et al. (2009) for unsaturated kaolin. 1d and iso 
stand for specimens initially one dimensionally and iso-
tropically compressed respectively; cs and cwm stand for 
shearing under constant suction and constant water mass 
respectively.

Table 1. Summary of soil properties and analyses.

Material kaolin kaolin
Kiunyu 
gravel

Jurong 
soil

Trois-
rivieres 
silt

Test 
designation 1d-cs

iso-cwm, 
1d-cwm, 
iso-cs 1d-cwm 1d-cwm 1d-cs

LL* (%) 70 70 – 36 –
PL** (%) 34 34 – 22 –
PI*** (%) 36 36 – 14 7
Clay (%) 80 80 8 to 9 – 18
Silt (%) 20 20 6 – 66
Sand (%) 0 0 – – 16
M 0.82 0.82 1.62 1.23 1.63
Ma 0.86 1 1.77 1.27 1.63

*Liquid Limit; **Plastic Limit; ***Plasticity Index
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likely to be experienced in practice. It is apparent 
from analysis that not only the test method but the 
method of specimen preparation influenced the 
form of the aggregates and soil structure and thus 
the strengths determined.

It is also important to note that while tests in the 
laboratory may be carefully controlled with speci-
mens prepared to uniform quality, these may not 
represent site conditions. In the field, strata varia-
tions both laterally and vertically, ground stress his-
tory and environmental factors such as the weather 
play their part and the engineer has to make judg-
ments based on experience when assessing ground 
properties and stability. This may necessitate look-
ing at a likely range of soil strength parameters 
and other properties and carrying out sensitivity 
analysis to identify the risks and key variables and 
uncertainties. This includes assessment of values 
of Ma.

If  laboratory testing is carried out to determine 
Ma, it is likely that the amount of testing will be 
limited on most projects. While the analysis indi-
cates that only one good quality, representative 
strength test would be necessary to determine Ma 
and thus the strength under a wide range of suc-
tion and saturation conditions, it would be nec-
essary to establish a relationship between s and 
vw/v for the material being examined in order to 
determine Mb. This could be established by field 
and/or laboratory determinations. Figure 2 shows 
a plot of Mb against vw/v for the tests on kaolin 
of Figure 1. Suction in-situ may be determined 
by various means either by recovering samples 
and testing in the laboratory (in this instance 

removal of confining stress needs to be taken into 
account) or by measurements in-situ which can 
present their own practical difficulties. Suction 
measurements in the field frequently differ from 
those that might be expected from theoretical con-
siderations. Further reading on suction measure-
ments is given by Fredlund and Rahardjo (1993), 
Lu and Likos (2004), Rahardjo and Leong (2006), 
Ng and Menzies (2007), Delage et al. (2008) and 
Murray and Sivakumar (2010b).

Though not determined on a statistical basis, 
examination of available experimental data sug-
gests that if  only one triaxial strength test is carried 
out that the value of Ma determined is likely to be 
within ±30% of the mean of a series of tests. The 
greater the value of p sc

′  and the greater the number 
of tests undertaken, the error in determining the 
inclination Ma will be reduced considerably.

4 STABILITY ANALYSES

A review of commercially available stability pro-
grams has not been undertaken, but those with 
which the authors are familiar are not written in 
terms of Ma and Mb and it is necessary to con-
vert these parameters into the more conventional 
angle of shearing resistance φ’ and cohesion c’. The 
following equations can be used:

φ φ
φ

′ ′φφ ′φφ
′φφ
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(6)

The equation for φ’ is the same as that for a satu-
rated soil at the critical state but with Ma replac-
ing M. Essentially φ’ in Equation (6) is the friction 
angle for an aggregated soil and can be expected 
to be greater than φ’ for a non-aggregated, satu-
rated soil. At what suction the aggregates break 
down during shearing is uncertain but the results 
for kaolin suggest that this is below s = 100 kPa. 
Monroy et al. (2010) noted that the transition from 
an aggregated to a matrix structure in unsaturated 
London clay took place as the suction in wetting 
tests was reduced from 40 kPa to 0. Aggregates in 
unsaturated soils effectively represent larger, though 
somewhat deformable, soil ‘particles’. Accordingly, 
Ma can be expected to be greater or equal to M, as 
shown by the experimental evidence.

Commercial stability analysis programs allow 
for negative pore water pressures to be taken 
into account. Analysis is usually performed using 
effective stress parameters based on saturated 
soil testing. A positive water pressure below the 
water table reduces the effective stress and thus 
the ground strength. A negative pore water pres-
sure above the water table increases the effective 

Figure 2. Suction stress ratios Ma and Mb plotted 
against vw/v from iso-cs, iso-cwm and 1d-cwm test results 
of Sivakumar (2005) and Sivakumar et al. (2009) for 
unsaturated kaolin.
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stress and the soil strength. Such analysis ignores 
the aggregation effect in unsaturated fine-grained 
soils and its influence on soil strength. Equations 3 
and 4 demonstrate that the component of deviator 
stress M paMM  is controlled by changes in the net 
stress (normally the total mean stress if  the air 
pressure is taken as atmospheric) while the compo-
nent Mbs is controlled by the suction and degree of 
saturation. Converting Ma to φ’ and Mbs to c’ using 
Equation 6 automatically accounts for the negative 
pore water pressures above the water table, which 
should not be included as a further component in 
the analysis.

Use of the critical state strength in stability anal-
ysis rather than peak strength means that there is 
surety that the soil strength adopted can be relied 
on in first-time slip situations. This assumes that 
the critical state strength can be reasonably deter-
mined but may justify a reduced factor of safety in 
analysis from that employed if  the peak strength 
parameters are used.

5 ASSESSMENT OF CRITICAL STATE 
STRENGTH

In saturated soil mechanics, there are innumerable 
relationships between index properties, such as 
the plasticity index, and soil parameters, such as 
angle of shearing resistance, compressibility, swell-
ing and shrinkage potential. What are the possi-
bilities of developing a relationship between Ma 
for unsaturated soil and the plasticity of cohesive 
deposits? Any such relationship is likely to have a 
margin of error as suggested by the test data ana-
lysed in Table 1 though there are clear indications 
of increasing clay content and plasticity leading to 
reduced values of M and Ma. The overall soil grad-
ing is also important and too few fines may mean 
aggregation does not occur or has little or no influ-
ence on soil strength.

The important conclusion that Ma ≥ M, as illus-
trated in Figure 1 and Table 1, where M is the stress 
ratio for a saturated soil, effectively places a lower 
limit on the value of Ma and may be used as at least 
a first approximation in analyses.

There is a further possible means of assess-
ing Ma without carrying out detailed laboratory 
strength tests. Loose granular materials when 
stockpiled stand at their angle of repose. This is 
close to the angle of shearing resistance of the 
material φ’ at critical state though some argue 
that there is a fundamental difference. Neverthe-
less, determination of the angle of repose gives a 
measure of the friction angle at the critical state. 
Atkinson (1993) describes two tests that can be 
used to assess φ’ for a dry granular material that 

may prove of use in determining the critical state 
φ’ for a dry aggregated soil, as these behave in 
many respects as a granular soil. The tests which 
determine the maximum slope angle at which loose 
materials stand are: (i) rotating a soil sample in a 
drum, and (ii) creating a mound as in Figure 3. The 
figure shows a small mound of loose dry aggre-
gated kaolin. This stands at an inclination close to 
the angle of friction and it may be possible to assess 
Ma based on Equation 6. However, there is limited 
test information to justify this approach though it 
is considered to warrant further research. A major 
difficulty would be to obtain a representative loose 
aggregate material, particularly from in-situ sam-
ples, noting earlier comments that the aggregate 
formation has an influence on the strength of 
unsaturated fine-grained soils.

6 CONCLUSIONS

The paper has outlined some of the considera-
tions that practicing geotechnical engineers face in 
attempting to determine unsaturated soil strength 
for stability problems. An analytical interpreta-
tion of critical state strength is explained and it 
is shown that it only requires a limited amount 
of experimental data to obtain the strength of an 
unsaturated aggregated fine-grained soil over a 
wide range of suctions (and degrees of saturation). 
However, strata variability in-situ and changing 
environmental factors mean the engineer has to 
make judgments based on experience as well as 
the available information. Some tentative guid-
ance is given on the likely variability in the inter-
preted critical state strength from triaxial test data 
and alternative methods of assessing it that might 
prove useful.

Figure 3. Sieved dry aggregated kaolin.
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Incorporating a microstructural state variable in constitutive modeling
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ABSTRACT: The selection of constitutive variables has been extensively discussed when modeling 
unsaturated soils. In general, suction and degree of saturation have been involved in the definition of con-
stitutive variables. Recently, microstructural features have also been included due to their relevant effects 
on the mechanical and hydraulic soil response. This is the case of a model recently published by the same 
authors which includes a state variable in the definition of the constitutive variables to take into account 
microstructural effects. Details of the performance of this model, which has a relatively simple elastoplas-
tic formulation, are presented. The simulation of isotropic stress paths illustrates the capabilities of the 
model and the effect of the microstructural state variable.

compaction. However, the additional effect of soil 
microstructure on observed experimental behav-
iour, reported by several authors (Lambe, 1958; 
Lawton et al., 1989, 1991; Fredlund and Rahardjo, 
1993; Wheeler and Sivakumar, 2000; Jotisankasa 
et al., 2007, 2009, Alonso et al., 2010, 2012) sug-
gests that an additional state variable is required to 
improve model capabilities.

A relevant question is how to include the micro-
structural information in constitutive modeling. 
One option is to adopt a commonly accepted set 
of “constitutive” stresses (net stress and suction; 
Bishop—or intergranular-stress and suction) and 
to transfer to the constitutive model formulation 
the task of including microstructural effects. A sec-
ond alternative is to explore first if  microstructure 
may be included in the definition of constitutive 
stresses and to develop a constitutive model after-
wards. The second alternative has some promise of 
leading to a simpler class of models. This alterna-
tive was proposed in Alonso et al. (2012) and it is 
further discussed in this paper.

2 EFFECTIVE STRESS IN 
A STRUCTURED SOIL

Gens and Alonso (1992) and Alonso et al. (1999) 
proposed a model which explicitly introduced a 
double structure through the consideration of a 
microstructural void ratio. Constitutive models 

1 INTRODUCTION

The pore size distribution provides a measure of 
the microstructure of soils. The presence of two 
pore size domains is explained by the aggrega-
tion of clay particles into larger units which reach 
dimensions comparable to silt and fine sand par-
ticles. Such a structure has been reported for col-
luvial and tropical soils (Mascarenha et al., 2011), 
and more commonly for compacted soils on the 
dry side (Simms and Yanful, 2001; Thom et al., 
2007; Merchán, 2010). However alluvial soils and 
soils compacted on the wet side often exhibit a 
monomodal pore size distribution. In the first case 
a micro-macro double structure seems to be well 
justified. In the second case it is more difficult to 
distinguish a micropore (or macropore) domain. 
Despite this difficulty, which is discussed further 
below, Mercury Intrusion Porosimetry (MIP) data 
and its interpretation in terms of a macrostructure 
(associated with capillary effects) and a micro-
structure in which physicochemical attraction of 
clay platelets governs water action, seems to be a 
simplified but useful way of interpreting unsatu-
rated soil behavior.

Selecting appropriate state variables is a start-
ing point to constitutive modeling. Void ratio and 
water content are an obvious choice. The alternate 
selection of isotropic saturated preconsolidation 
stress and suction provides advantages discussed 
in Alonso and Pinyol (2008) in the context of soil 
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were defined for each of the structural levels 
defined, as well as an interaction between them. 
The elastoplastic model was defined in terms of 
net stress and suction (either “macro” or “micro”). 
This model uses the first alternative as defined 
above. The model is well adapted to describe the 
volumetric behavior of expansive clays. This is 
shown for instance in Lloret et al. (2003). Figure 1, 
taken from this paper, shows the calculated evolu-
tion of the micro and macro void ratios of a com-
pacted bentonite during a path involving wetting 
at low stress and compression under saturated 
conditions.

This is an interesting capability, but the model 
is relatively complex and parameter calibration is 
not a simple task.

A simpler way of including microstructure 
was advanced by a number of researchers who 
examined particular aspects of unsaturated soil 
behaviour, essentially strength and elastic stiffness 
(Vanapalli et al., 1996; Khalili and Khabbaz, 1998; 
Vaunat et al., 2000; Toll and Ong, 2003; Tarantino 
and Tombolato, 2005; Jotisankasa et al., 2009). 
The idea was to propose that the mechanical effect 
of suction is only explained by the capillary action 
on the macrostructure.

Alonso et al. (2010) formalized this concept 
for the entire range of degrees of saturation and 
defined a microstructural void ratio, ξm = em/e, 
which marks the transition of a water volume fill-
ing microvoids to free or capillary water occupying 
the macrovoids. It was shown that indirect deter-
minations of ξm through backanalysis of strength 
and stiffness data were similar to direct determina-
tions of ξm by means of MIP.

An effective degree of saturation was defined as 
follows:

S
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where n is a smoothing parameter.
The third expression has been used in the for-

mulation of the model outlined below.

3 MODEL HYPOTHESIS AND MODEL 
FORMULATION

The model is formulated in terms of a Bishop 
(1959) based stress (Eq. (3)) and the “effective suc-
tion” (Eq. (4)):

σ σ −σ +p s+g  
(3)

s S srS  (4)

where σ is the total stress, pg is the air pressure, s, 
the matric suction (s = pg−pw, pw: pore water pres-
sure) and SrS  the effective degree of saturation.

Elastic volumetric changes in void ratio (e) are 
calculated as follows:

de
dpd
p

= κ
 

(5)

where p  is the mean effective stress (calculated 
through Eq. (3)) and κ  the elastic volumetric com-
pressibility assumed constant in this paper.

Expression (5) implies that a change in net 
stress leads to the same elastic mechanical effect as 
a change in effective suction of the same magni-
tude. This assumption was investigated by Alonso 
and Romero (2012). They subjected samples of 
compacted low plasticity Barcelona silty clay of 
alternative proving tests, by applying increments 
of isotropic net stress and suction from a common 
initial state. Probing tests remained in the elastic 
region. Measured volumetric strains were inter-
preted with the help of Equation (5).

Volumetric plastic changes are defined at post 
yield stress level as follows:

Figure 1. Calculated evolution during wetting at low 
stress and compression under saturated conditions of the 
micro and macro void ratio of a compacted bentonite 
(Lloret et al., 2003).
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de
dpd
p

= λ 0

0  
(6)

where p0 is the mean yield stress at the current 
effective suction and λ  the plastic volumetric com-
pressibility in the void ratio—logarithmic effective 
stress (Eq. (3)) plane. The structure of λ  will be 
discussed below.

The effect of non-saturation in the plastic com-
pressibility has been reported by many authors. 
In particular, the effect of suction in the slope of 
normal compressibility lines in the void ratio—
logarithm of net stress has been extensively cor-
roborated by experimental data (Alonso et al., 
1987; Barrera, 2002; Benatti et al., 2010). Toll 
(1990), Wheeler et al. (2003) and Jotisankasa et al. 
(2007) discuss not only the suction effect but also 
the effect of the degree of saturation on the com-
pressibility. The proposal of Alonso et al. (2012) 
is that the unsaturated plastic compressibility, 

)
λ

, depends on the virgin compressibility index for 
saturated conditions (effective suction equal to 
zero), λ( )λ , and of the current effective suction (s
, Eq. (4)). Loading stress paths in terms of effective 
stress (Eq. (3)) at constant effective suction (Eq. 
(4)) are characterized by linear compression lines.

Notice that these stress paths cannot be directly 
reproduced in the laboratory. However, this fact 
should not be an important drawback in the 
simulation of laboratory tests or typical loading 
situations in which net stress, suction or degree 
of saturation are controlled or measured. Once 
the model is formulated, conventional stress paths 
can be simulated and the results can be given in 
any stress space since net stress, suction, degree of 
saturation and macro and micro void ratios are 
known or are computed at each calculation step. 
The main disadvantage of formulating the model 
in a set of stress variables different from the vari-
ables used in laboratory tests lies in the difficulty 
of parameter calibration.

Collapse is also dependent on microstructure. 
This effect was shown in Suriol et al. (1998) and it 
is further discussed in Alonso et al. (2012). Since 
collapse is directly related to yield behavior, the iso-
tropic yield locus should be made dependent on a 
microstructural state variable. Therefore a loading 
collapse (LC) yield function will be defined in the 
space p s . The LC yield function may be selected 
on the basis of phenomenological observations. In 
Alonso et al. (2012), the LC is linked with the volu-
metric compression index, λ , by the expression:

p
p

p
pc cp

0p0 =
⎛

⎝⎜⎝⎝

⎞

⎠⎟
⎞⎞

⎠⎠

( )
( )*

κλ ( )0 −
κλ ( )s −

 
(7)

In Equation (7), p0
* is the preconsolidation 

isotropic stress for saturated states (zero effective 
suction) and pc is a reference mean effective stress 
corresponding to the point where virgin compres-
sion lines cross for different effective suctions.

Note that the microstructure does not affect p0
* 

The model assumes that a unique normal satu-
rated consolidation line exists. Therefore, the pre-
consolidation stress for saturated conditions only 
depends on the void ratio and not on the compac-
tion conditions (results of Honda et al. (2003) and 
Jotisankasa (2007) confirm this hypothesis). The 
hardening law was made dependent on plastic 
volumetric strain.

An advantage of using a Bishop-based stress 
as an effective stress for unsaturated soils (instead 
of a net stress) is that Terzaghi effective stress is 
immediately recovered when saturation is reached 
(Sr = 1). Therefore no additional procedures have 
to be added in order to ensure the continuity of 
the stress variable at the saturated/unsaturated 
transition.

However, experimental evidence for the behav-
ior of soils subjected to a suction lower than the air 
entry value (se) should also be considered. In these 
cases Sr = 1 and Terzaghi effective stress controls 
soil behavior. This necessary consistency is not 
automatically ensured by defining a Bishop-based 
stress variable as “effective” stress in a constitutive 
model for unsaturated soils. The effect of the sec-
ond constitutive variable should also vanish when 
saturation is reached (and not just when suction 
is zero).

The saturated behavior is automatically recov-
ered in those constitutive models in which the 
second stress variable is a function of the degree 
of saturation (Wheeler et al., 2003; Tamagnini, 
2004; Buscarnera and Nova, 2009; Zhou et al., 
2012a, b). This is not the case of models in which 
the compressibility index and the yield function are 
expressed in terms of suction (e.g., Alonso et al., 
1990 (BBM), Sun et al., 2007). This drawback can 
be easily solved by prescribing that the variables 
depending on suction recover their correspond-
ing saturated values for suctions lower than se. 
This idea is proposed in Loret and Khalili (2002), 
Pereira et al. (2005) and Sheng et al. (2008).

The same problem is observed in models in 
which the second constitutive variable is a function 
of the product Sr⋅s. At saturation, this product can 
be different from 1 if  suction is higher than zero 
but lower than se. Then, some parameters of the 
model which depend on Sr⋅s may not recover satu-
rated values. In order to recover saturated behavior, 
Alonso et al. (2012) propose that the plastic stiff-
ness increase due to non-saturation is linked with 
the air entry value (se). This is done by defining 
the reduction of λ  by including information taken 
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from the WRC. This may be achieved if  parameter 
λ  is computed with the following expression:
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(8)

which adopts a form taken from the equation pro-
posed by Van Genuchten (1980) for the WRC.

Equation (8) is plotted in Figure 2 for differ-
ent values of the parameters sλ , r and β . The first 
parameter, sλ , depends on the air entry value and 
it takes the same value adopted for the water reten-
tion curve. When suction reaches a value lower 
than se and the degree of saturation is equal to one, 
suction and effective suction take the same values 
and the compression index becomes equal to λ(0). 
Parameter r  controls the minimum value of 

)
λ . 

The shape of the curve, and the suction at which a 
minimum value of λ  is reached, is determined by 
parameterβ .

4 MODEL PERFORMANCE

The performance of the model is illustrated for a 
soil characterized by the model parameters and 
initial state variables summarized in Table 1. Iso-
tropic loadings tests at constant suction (1 MPa) 
and a subsequent saturation at constant mean 
net stress are simulated on samples with differ-
ent values of em (0.1, 0.15, 0.2, 0.25). The param-
eter em quantifies the initial microstructure. It was 
assumed to remain constant afterwards. Evidence 
of this behavior was given in Alonso et al. (2012) 
for some reported tests on compacted soils. The 
initial void ratio is equal to 0.6 for all samples. It 
leads to different initial values of ξm0.

A unique set of  constitutive parameters 
describe the “intrinsic” properties of  the 

compacted soils. As—compacted conditions are 
defined by two initial stress states: suction and 
(saturated) yield stress. Based on experimental 
data collected by Romero et al. (2011) on Boom 
clay, bentonite and Barcelona silty clay, the 
selected values of  em could be appropriate for a 
low or medium plasticity clay compacted at both 
dry conditions (low values of  em) and wet condi-
tions (high values of  em). A Van Genuchten curve 
has been selected to represent the water retention 
features (Table 1).

Figure 3 shows the computed compression 
curves. The normal compression line for saturated 

Figure 2. Variation of isotropic compressibility, λ , 
with effective suction, s , for different parameter values.

Table 1. Model parameters used in model 
performance.

Param-
eter Definition Units Values

Mechanical parameters
κ Elastic compressibility – 0.01

λ ( )0 Plastic compressibility at 
zero effective suction

– 0.1

pc
Reference stress MPa 0.02

sλ
Minimum value of effective 

suction affecting plastic 
volumetric compressibility. 
It is equivalent to an air 
entry value (P0)

MPa 0.05

r Parameter that establishes 
the minimum value of the 
compressibility coefficient 
for high values of effective 
suction

– 0.5

β Parameter that controls the 
rate of increase in stiffness 
with effective suction

MPa−1 0.32

n Parameter that defines the 
degree of smoothing in 
Eq. (2b)

– 10

Water retention curve. Van Genuchten model

rSS min S S
S S

s
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1

0PP

1
1 λ

λ – 0

SrSS max
– 1

P0 MPa 0.05
λ – 0.27

Initial conditions
e0 Initial void ratio – 0.6

p0
* Yield stress at zero effective 

suction
MPa 0.2

s0 Initial suction MPa 1
ξm0 Initial microstructural state 

variable
– Sensi-

tivity 
anal-
ysis
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conditions is also plotted. Compression lines are 
not linear in the p − s space. At relatively low 
stress levels, all unsaturated compression curves 
exhibit a higher stiffness than the saturated com-
pression curve. This is an effect of  the current 
effective suction. As applied stress increases, the 
curvatures are more pronounced and they con-
verge toward the fully saturated normal consoli-
dation line. This is consequence of  the progressive 
reduction of  void ratio during compaction. Since 
em is assumed to remain constant the state vari-
able ξm = em/e increases continuously and the 
effective suction, which controls compressibility, 
decreases.

In the calculated example the WRC is unique 
and the degree of saturation is maintained during 
loading. Therefore, the amount of water existing 
in the sample reduces progressively during loading. 
Capillary water will eventually disappear (water 
will remain inside aggregates), the effective suction 
will reduce to zero and the compressibility will 
approach the saturated value. Since all samples are 
subjected to the same suction, samples with higher 
values of ξm0 reach the saturated compression 
lines faster since they have a lower proportion of 
macropores. Given a microstructure, an initial suc-
tion and a WRC, the shape of the compression 
curves is determined by the shape of the function 
selected forλ( )λ .

The evolution of effective degree of satura-
tion during loading for ξm = 0.25 is represented in 
Figure 4. Initially, the effective degree of saturation 
(SrS 0 0 17= . ) is defined by Sr0 = 0.36 and ξm0 = 0.25. 
During loading, void ratio reduces (from e = 0.6 
to 0.21) and ξm increases (up to 0.7) reducing the 
effective degree of saturation. Eventually, ξm may 
become higher than the degree of saturation (which 
remains constant) and then the effective degree of 
saturation becomes essentially zero and the load-
ing curve reaches the saturated normal consolida-
tion line.

In the simulated cases, samples were saturated 
when the isotropic net stress reached 10 MPa. 
The smaller collapse of samples compacted at a 
higher water content (higher ξm0) can be observed 
in Figure 3 (distance between unsaturated and sat-
urated loading curves). Note also that the model 
is able to reproduce the collapse variation with 
the applied net stress as observed experimentally 
(Suriol and Lloret, 2007; Rodriguez and Vilar, 
2011). The collapse initially increases with the ver-
tical stress, it reaches a maximum value and finally 
decreases at higher values of net stress.

5 CONCLUSIONS

The constitutive model for compacted soils pre-
sented in Alonso et al. (2012) has been discussed 
and its capabilities have been illustrated by simu-
lating isotropic loadings.

The model is defined in terms of the constitu-
tive stress proposed in Alonso et al. (2010) and 
an effective suction. Both constitutive variables 
include microstructural information.

Based on this, the proposed model formulation 
is relatively simple. It can be defined as a modifica-
tion of the Barcelona Basic Model (Alonso et al., 
1992) using different constitutive variables. Despite 
the simplicity in the formulation, the model is able 
to reproduce some particular features of com-
pacted soils.

The performance of the model was illustrated 
in the calculated response against isotropic loading 
paths. A unique set of parameters was selected and 
the initial value of the microstructural state vari-
able, which is a measured of the compacted condi-
tions, was varied to perform a sensitivity analysis.

Figure 3. Isotropic loading curves at constant suction 
(1 MPa) and saturation at 10 MPa of net stress for differ-
ent values of ξm0.

Figure 4. Change of effective degree of saturation dur-
ing loading at constant suction for ξm0 = 0.25.
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The model is able to reproduce the following 
features:

– In the elastic region, changes in net stress 
have the same effect on the soil deformation 
as changes in effective suction of the same 
magnitude.

– In compacted soils, dry compaction results in a 
higher apparent preconsolidation stress. Com-
pressibility indices increase when compaction 
water content increases.

– Wetting induced collapse depends on the 
applied net stress. It increases first at relatively 
low values of net stress, reaches a maximum and 
decreases at higher compression values.
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Effect of loading and suction history on time dependent deformation 
of coarse crushed slate

E. Romero, C. Alvarado & E.E. Alonso
Universitat Politècnica de Catalunya BarcelonaTech, Barcelona, Spain

ABSTRACT: The paper presents the results of an experimental investigation aimed at evaluating the 
time-dependent compressibility of coarse crushed quartzitic slate, focusing on the effects of the previ-
ous loading and hydraulic history. Long-term and large diameter compression tests under oedometer 
conditions were performed at different total suctions (relative humidity values) and vertical stresses but 
following different loading and hydraulic paths. A finding, which has practical implications in earthwork 
constructions, is that pre-compressing at increasing overconsolidation ratios or pre-soaking the crushed 
material at constant and elevated stresses leads to the progressive vanishing of long-term deformations.

was used in the zoned earth and rockfill Lechago 
Dam, was tested. The behavior of this material has 
been studied by several authors (Oldecop & Alonso 
2001, Chávez & Alonso 2003, Chávez et al., 2009). 
Some properties of the rock material are summa-
rized in Table 1.

The material obtained in the quarry was fur-
ther crushed and sieved. Figure 1 shows the grain 

1 INTRODUCTION

Rockfill mechanical behavior is sensitive to the 
action of water, which is of particular concern dur-
ing the design and performance stage of rockfill 
and zoned dams. These structures exhibit long term 
deformations, which tend to depend linearly on 
the logarithm of time as indicated by field records 
(Oldecop & Alonso 2007). Breakage of rock par-
ticles and subcritical crack propagation in corro-
sive environment are the main underlying physical 
mechanisms that explain these phenomena, which 
depend on the strength of individual particles 
(toughness), the size and shape of particles, the 
stress level and the relative humidity prevailing at 
the rockfill voids—or alternatively the activity of 
the liquid filling these voids—(Oldecop & Alonso 
2001, Romero et al., 2005).

This paper particularly explores the 
time-dependent compressibility, focusing on the 
effects of the previous hydraulic and loading 
history—as considered, for instance, by the over-
consolidation ratio OCR—on rockfill delayed 
deformations. A crushed quartzitic slate was tested 
at constant relative humidity—or total suction—and 
at different OCR values in large diameter oedometer 
cells. The dependence of creep deformation on OCR 
is by no means an academic issue. In fact, it has 
important practical implications, since the long term 
settlements could be controlled by pre-conditioning 
techniques (pre-compression at high stresses or pre-
soaking at constant and elevated stresses).

2 MATERIAL USED IN THE RESEARCH

A crushed quartzitic Cambric slate from the 
Pancrudo River outcrop (Aragón, Spain), which 

Table 1. Properties of the quartzitic slate.

Property Value

Uniaxial compression strength* 14.2–31.9 MPa
Density of solids* 2.75 Mg/m3

Water absorption (saturation) 2.9%
Void ratio (mercury intrusion 

porosimetry)
0.081

Slake durability (5th cycle) (ASTM 
D4644)

96.5%

Flakiness index 19%

* Oldecop & Alonso 2001, Chávez & Alonso 2003.

Figure 1. Grain size distribution curve of the crushed 
quartzitic slate.
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size distributions of the in situ and tested rockfill 
material. Before static compaction, the maximum 
particle size was fixed at 40 mm with 10% passing 
10-mm sieve and coefficient of uniformity of 2.9. 
The water retention curve of the material along a 
drying path obtained by axis translation (matric 
suction), vapor equilibrium technique and dew-
point psychrometer measurements (total suction) 
is shown in Figure 2.

3 EXPERIMENTAL PROGRAM

An oedometer test program was carried out in a 
large diameter cell (300 mm in diameter and approx. 
200 mm high) with a relative humidity control 
system using vapor transfer technique driven by an 
air pump. Figure 3 shows the rockfill oedometer 
test setup. The crushed slate was statically com-
pacted in four layers inside the oedometer ring at a 
void ratio e0 = 0.55 ± 0.03 and water content around 
w = 0.6% in equilibrium with the relative humidity 
prevailing at laboratory conditions (approx. 50%). 
Pre-compression tests involved loading-unloading 
paths at saturated state and at constant relative 
humidity of the air (75% and 30%, corresponding 
to total suctions 39 MPa and 160 MPa, respec-
tively). Different overconsolidation ratios (‘NC’ 
normally consolidated and ‘OC’ overconsolidated 
states) were analyzed as described in Table 2 and as 
shown in Figure 4 for the different stress paths fol-
lowed. Pre-soaking tests were associated with soak-
ing and drying paths at a constant vertical stress 
of 1 MPa. During soaking, compression (collapse) 
strains developed due to important particle break-
age at the stress level tested. On subsequent dry-
ing by vapor transfer technique to different total 

suctions—varying between 39 MPa and 160 MPa–, 
the material was at an overconsolidated state that 
was hydraulically induced.

4 EXPERIMENTAL RESULTS

The evolution of the vertical strain along a 
loading-unloading path under saturated con-
ditions (ref. 1 in Table 2 and Fig. 4) is shown in 
Figure 5. A step loading approach was followed 
with maximum load duration of 72 hours for 
overconsolidated states (unloading stages after 
pre-compression) and 24 hours for normally con-
solidated conditions (loading stages).

Figure 2. Retention curve along a drying path for 
crushed quartzitic slate.

Figure 3. Rockfill oedometer test setup with relative 
humidity control (Oldecop & Alonso 2001).

Table 2. Description of the pre-compression test 
program performed.

Ref.
Wetting 
stage

Total
suction

Stress applied in long 
term tests

1 Water at 
0.05 MPa

0 NC*: 0.1; 0.5 and 1 MPa
OC**: 0.87; 0.67 and 

0.25 MPa
2 Vapor 39 MPa NC*: 0.1; 0.5 and 1 MPa

OC**: 0.87; 0.67 and 
0.25 MPa

3 Vapor 160 MPa NC*: 0.1; 0.5 and 1 MPa
OC**: 1.0; 0.87; 0.67 and 

0.25 MPa

* Normally consolidates state. **Overconsolidated 
states.
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The time evolution of the volume change 
response under saturated and normally con-
solidated conditions is presented in Figure 6, in 
which a larger time-dependent compressibility is 
observed at higher vertical stresses (the different 
loading steps are indicated in the figure).

The slope of the vertical strain (εv)—log time 
curves previously presented provides information 
for the determination of the secondary (time-
dependent) compressibility index according to 
the following equation, which was calculated for 
elapsed times since load application larger than 
100 min

C
e

t
v o

α
εv= = −

Δ
Δ

Δ( )eoe+
log lt Δ og  

(1)

The time dependent compressibility index under 
normally consolidated conditions CαNC and at dif-
ferent total suctions (refer to Table 2 and Fig. 4) 
are plotted in Figure 7 as a function of the vertical 

Figure 4. Stress paths followed at different and con-
stant relative humidity for the pre-compression tests at 
normally and overconsolidated states.

Figure 5. Volume change results under saturated condi-
tions along a loading-unloading path.

Figure 6. Time evolution of vertical strain in normally 
consolidated and saturated samples.

Figure 7. Time-dependent compressibility index of 
normally consolidated samples against vertical stress for 
different constant total suctions.

stress σv applied, in which the dependence on 
total suction is readily observed. An equivalent 
behavioral response was presented by Oldecop & 
Alonso (2007), in which samples in dry environ-
ments displayed nearly null index, consistent with 
the low crack propagation velocity obtained from 
the stress corrosion curves at low relative humidity 
values and with the conceptual model proposed by 
Oldecop & Alonso (2001). In addition, the com-
pressibility indexes tend to level off  at high vertical 
stresses (usually between 1 and 2 MPa, as shown 
by Oldecop & Alonso 2007). To limit maximum 
levelling off, the following empirical expression 
was used to fit experimental data (Fig. 7) with 
parameter a, which as a first approximation can 
depend on total suction

C aNC vαN σvaσv ( )vσv+
 

(2)

On regarding the time dependent compress-
ibility index under overconsolidated states 
obtained during the unloading stages and after 
pre-compression, Figure 8 presents its evolution 
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with OCR. An important reduction in the secondary 
compressibility was detected at OCR > 1, which 
follows a behavioral response similar to soils (see 
for instance, Alonso et al., 2000).

The variation of Cα/CαNC for different OCR val-
ues was described by the following empirical equa-
tion, where α and β are constant parameters that 
allow reproducing the measured data (α = 0 and 
β = 15 are used to plot the curves in Fig. 8).

NCα α N
β αβ/C NCα αα C NN ( )α( )α +−β( )OCRCββ OCRCC −OCRCββ 1

 (3)

The time dependent compressibility index at 
constant vertical stress 1 MPa and at different total 
suctions under normally consolidated states and 
after undergoing the soaking and drying paths—
that induced overconsolidated states–, is plotted 
in Figure 9. Again, some reduction in the time 
dependent compressibility index is detected in 
the overconsolidated samples (samples previously 

subjected to soaking-drying), which presents a 
consistent and equivalent behavioral response to 
the pre-compression tests.

5 CONCLUSIONS

A crushed quartzitic slate, used in previous investi-
gations on rockfill behavior, was tested to study the 
effects of the previous loading and the hydraulic 
history on material delayed deformations. Typi-
cal tests involved loading-unloading samples at 
constant relative humidity—or total suction—
and at different OCRs, as well as soaking-drying 
paths at constant and elevated stress, which were 
performed in special large diameter oedometer 
cells (300 mm in diameter). A finding is that pre-
loading the crushed slate at increasing OCRs 
leads to the progressive vanishing of creep defor-
mations, following a behavioral response similar 
to soils. An equivalent response was observed at 
overconsolidated states after the soaking-drying 
paths. The reduction has practical applications, 
since the long term settlements of rockfill mate-
rials could be controlled by pre-compression and 
pre-soaking technique at elevated stress. If  at each 
point of the rockfill embankment an OCR = 1.1 is 
ensured by pre-loading, a reduction to 22% of the 
normally consolidated long-term settlement would 
be expected.
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DEM modeling of unsaturated rockfill. Scale effects

M. Tapias, E.E. Alonso & J.A. Gili
Department of Geotechnical Engineering and Geosciences, UPC, Barcelona, Spain

ABSTRACT: The large size of the particles in rockfill structures prevents the appropriate laboratory 
testing. Moreover, the humidity is a key point to explain changes in the long term deformability of rock-
fill. Therefore, prediction of field behavior requires the development of models that integrate size effects 
and humidity changes. The Distinct Element Method has been used to develop a numerical model that 
includes assemblies of several spherical particles in a pyramidal shape. These “macroparticles” break 
when a rupture criterion involving the subcritical propagation of cracks within grain is achieved. This 
propagation is a function of stress state, defect size and relative humidity. Size effects for particles ranging 
from 0.28 to 56 cm of average diameter have been investigated. The results were validated against some 
real oedometer tests. The present work demonstrates the capabilities of the method as an useful tool to 
extend the laboratory tests on gravels to the actual rockfill dimensions.

2 PARTICLE BREAKAGE CRITERIA

A classical explanation of size effects, observed 
in brittle materials, is associated with concepts of 
fracture mechanics. Failure is explained by the full 
propagation of an existing defect or crack. Under 
a simple tensile stress state (Mode I of failure) of 
intensity σ, crack propagation occurs when the 
stress intensity factor:

K βσ ( )aπaa  (1)

becomes equal to the material toughness, Kc. In 
Equation (1) a is the initial length of the propa-
gating crack and β is a dimensionless factor which 
embodies the geometry of the particle, the position 
of the crack, the direction and point of application 
of loads and the relative size of the crack in rela-
tion to the particle size. It is a function of the ratio 
a/D where D is taken as the average diameter of 
the particle. In the simulations performed, param-
eter β(a/D) was approximated by the expression 
given in Tada et al. (1985) and Oldecop & Alonso 
(2007) for a disk of a perfectly elastic-brittle mate-
rial containing a central crack.

If  a given rock mass is assumed to host a dis-
tribution of cracks of different lengths, the larger 
the particle under consideration the higher the 
probability of having large-size cracks within the 
particle. In other words, the size of the particle and 
the size of maximum crack are equivalent. The 
particle fracture, in view of Equation (1), will be 
dependent on particle size.

1 INTRODUCTION

Rockfill is often used in large civil engineering 
structures such as embankments and dams. Parti-
cle sizes range from a few millimetres to more than 
one meter.

The Relative Humidity (RH) prevailing in 
pores affects the short and long term mechanical 
behavior of coarse aggregates (gravels, rockfill). 
Changes in RH explains the observed response of 
tested samples as well as large retaining structures 
(Alonso et al., 2005, Oldecop & Alonso 2007).

Testing the rockfill used in dams and embank-
ments under oedometric, direct shear or triaxial 
conditions is unreasonable because of the size of 
particles. Published experimental information on 
the mechanical behaviour of rockfill is based on 
tests on scaled grain size distributions.

Scale effects are present in particle breakage, 
a key phenomenon controlling all aspects of the 
stress-strain-time behaviour of rockfill. Therefore, 
a procedure to extrapolate laboratory results to the 
scale of prototypes should be devised. On the other 
hand, parameters used in constitutive models are 
expected to change with the size of particles.

The Distinct Element Method (Cundall et al., 
1979) offers an interesting possibility of simulat-
ing size effects provided it is capable of integrating 
properly grain failure mechanisms (Alonso et al., 
2012). In this paper the capability of the DEM to 
handle particle breakage is reviewed. The effect of 
RH on particle breakage will also be introduced. 
The model developed will be applied to the simula-
tion of oedometer tests.
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The next step would be to relate the macroscopic 
behaviour to the scale dependent particle breakage. 
This is an ‘automatic’ outcome of a DEM simu-
lation. Therefore, size effects will be obtained if  
scale dependent laws are used to simulate particle 
breakage.

3 NUMERICAL MODEL FOR 
UNSATURATED ROCKFILL

The numerical model presented here follows previ-
ous experimental and theoretical research on the 
behaviour of rockfill (Oldecop & Alonso 2001, 
2007, Alonso et al., 2012). The possibilities offered 
by the Distinct Element Method (Cundall & Strack 
1979, Potyondy & Cundall 2004, Itasca 2008) to 
investigate scale effects are analyzed here. The basic 
numerical tool used in simulations is the computer 
program PFC3Dv4 (Itasca 2008) which has been 
programmed to simulate a number of necessary 
features mainly associated with the mechanisms of 
particle breakage.

Model particles approximate the real shape by 
aggregating several spheres as a rigid body. Initial 
macroparticles (or “clumps”) integrate 14 spheres 
in the work developed.

Figure 1 shows the picture of a limestone gravel 
taken from a experimental program referred to later, 
the pyramidal shape of the selected macroparticles 
and the initial arrangement of 471 macroparticles 

which define the oedometer sample analyzed. The 
selection of the number of spheres simulating a 
particle was a trade-off  between the capability of 
the assemblage to reproduce a realistic initial shape 
of particles and the computational cost of the 
model. A clump of 14 spheres allows a basic three 
dimensional pyramidal shape which was judged 
adequate. Macroparticles interact through contact 
friction and normal and shear stiffness coefficients 
(Table 1).

The determination of the tensile stress σ 
necessary to calculate K, follows the analysis given 
by Russell & Muir Wood (2009) and Alonso et al. 
(2012).

Defects are attributed randomly to all particles, 
keeping their maximum length limited by the ini-
tial size of particles. Maximum defect length was 
limited to half  the size of the particle. A uniform 
probability density function was simply selected 
for the distribution of crack sizes among particles.

Particles will fail if, at some instant during sam-
ple loading, K = Kc. However, particles may also 
fail even if  K < Kc. This is known as a “subcritical” 
failure condition, analyzed in Atkinson (1984), 
Wiederhorn et al. (1980) and Oldecop & Alonso 
(2001, 2007) in the context of rockfill behaviour. 
Fractures propagate in time at a velocity controlled 
by K and the prevailing relative humidity (RH). 
Crack growth rates reported in several experiments 
are collected in terms of (K/Kc) in Figure 2.

Crack propagation velocity, V, is described by a 
modified Charles law (Oldecop & Alonso 2007):

V da
dt

V K
KcK

n
= = ⎛

⎝⎜
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠0VV

 
(2)

where V0 is a reference velocity taken as V0 = 0.1 m/s 
in view of the data given in Charles (1958) and 
exponent n depends on current suction (relative 
humidity), see Figure 3.

For a given time increment dt, the crack length 
increment da is calculated following equations (2) 
and (1). In this work, the time increment has a value 
of 1000s and this is the real time. Crack lengths are 
updated at each step in calculations, a = a0 + da, 
where a0 is the previous crack length. The particle 
is assumed to be broken when the updated crack 
length reaches the mean dimension of the particle.

Figure 1. (a) Crushed gravel in oedometer cell (Alonso 
et al., 2009) (b) DEM model of Oedometer test; (c) Lime-
stone gravel (approximate size: 2.5 cm) tested by Ortega 
(2010); (d) 14 spheres macroparticle (DEM model).

Table 1. Properties of the discrete 
particles in DEM model.

Contact stiffness, kn: 4 E 6 N/m
Shear stiffness, ks: 4 E 6 N/m
Friction Coefficient, μ: 0.3
Toughness, K: 5 E 6 Pa√m
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Figure 4 shows the breakage time in terms of 
defect size a and RH, for the following set of 
parameters.

Particle diameter: D = 500 mm; reference veloc-
ity in Charles law: Vo = 0,1 m/s, tensile stress: 
σ = 7 MPa and toughness: Kc = 1 MPa•m0.5. Note 
that small changes in the size of the initial defect 
leads to a very large change of the rupture time. 
This is a characteristic of fracture phenomena 
which is explained by Charles law.

In the simulation the macroparticle divides 
following an arbitrary criterion which takes into 
account the number of particles integrated in a 
“clump” and its pyramidal shape. The following 

division rule is applied: 14 → 8 + 6; 8 → 4 + 4; 
6 → 3 + 3; 4 → 2 + 2; 2 → 1 + 1. It tends to divide 
particles into two new particles of approximately 
equal shape and size.

Calculation of stresses, the determination of 
failure criteria for particles as well as the condi-
tions and performance protocol of oedometer 
tests were introduced in a program developed in 
FISH language, which is included in the program 
PFC3D v4. Any clump which reaches the estab-
lished failure criterion (length of crack reaching the 
clump size) divides in the manner described above. 
The two new particles (clumps) are integrated 
into the model. Therefore, the number of clumps 
increases continuously during the “test” and the 
grain size distribution is modified accordingly.

4 SOME RESULTS OF DEM SIMULATION 
OF UNSATURATED ROCKFILL

Some results obtained during the simulation of 
oedometer tests are presented in this section. Sam-
ple dimensions, initial porosity and initial equiva-
lent diameter of particles are given in Table 2.

Maximum particle size covers the range 
2.8 mm –560 mm. This wide range helps to iden-
tify scale effects. It is also a range of particles that 
may be easily found in practice. Initial porosity is 
essentially the same in all cases (0.53) to avoid den-
sity effects.

4.1 Compressibility

Model parameters (Table 1) were adjusted to simu-
late results of real oedometer tests performed on 
uniform limestone gravel (Ortega 2010). Ortega 
tested 40–30 mm, 30–25 mm, 25–20 mm and 
20–25 mm hard limestone gravels having an initial 
porosity of 0.49 in a 300 mm diameter by 200 mm 

Figure 2. Crack propagation rates for different rocks, 
quartz and glass. The testing condition (immersed in 
water, imposed RH or vacuum) is shown next to each 
curve. Also indicated are curves of Charles model. 
(Oldecop & Alonso 2007).

Figure 3. Relationship between exponent n of Charles 
law and Relative Humidity (Alonso et al., 2009).

Figure 4. Breakage times for varying initial crack 
lengths and prevailing suction (modified from Alonso 
et al., 2009).
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height cell. Figure 5a shows the experimental 
results for the 30–25 mm range of particles. The 
figure provides plots of deformations measured 
along time for a series of increasing stress incre-
ments. In all cases the RH was maintained con-
stant and equal to RH = 10%. Once a final target 
stress was reached the sample was fully flooded. 
The sample reacted by reducing volume (collaps-
ing) at a relatively high deformation rate.

Experimental results may be compared with 
the numerical simulations of oedometer tests 
performed on a sample of uniform initial size of 
28 mm (Fig. 5b).

The agreement of the experimental and DEM 
simulated deformation-time records demonstrate 
the capability of the model to reproduce rockfill 
deformation phenomena. All time records follow a 
similar pattern: An immediate deformation is fol-
lowed by a delayed accumulation of strains. Calcu-
lated deformations are very similar to experimental 
results.

If  deformations for a particular instant (5 × 108 s 
was selected) are plotted in terms of vertical stress, 
conventional deformation-stress plots are calcu-
lated (Fig. 6). They show the type of compression 
behaviour reported by Oldecop & Alonso (2003) 
for samples of uniform compacted gravel of slate. 
Scale effects are clearly shown. Larger size particles 
result in an increase in compressibility, defined as:

λ
ε

=
d vε

d v(ln )σvσ
 

(3)

Size effects on λ for σv = 2.8 MPa and RH = 10% 
are plotted in Figure 7 when the grain size changes 
from 0.28 cm to 56 cm (200 times). Also plotted 
are λ values measured by Ortega (2010) for three 
test series. They show the expected scale effect but 
points are concentrated in a narrow range of sizes. 
A regression curve may be approximated by:

λ = ( )0 004 0 7. .

 (4)

Table 2. Dimensions of sample and macroparticles in 
the numerical simulation of oedometer tests (Alonso 
et al., 2012).

Sample Scale

Sample size Equivalent 
macroparticle 
diameter 
(mm)

Initial 
porosity

Height 
(mm)

Diameter 
(mm)

S25 0.1 25 25 2.8 0.5314
S250 1 250 250 28 0.5314
S1250 5 1250 1250 140 0.5337
S5000 20 5000 5000 560 0.5314

Figure 6. Calculated compressibility of samples of 
increasing initial equivalent particle size, D. RH = 10% 
(Alonso et al., 2012).

Figure 5b. DEM simulation: Calculated deformation—
time records, under the vertical stresses indicated. 
Equivalent particle size: 28 mm.

Figure 5a. Experimental results: Measured 
deformation—time records in an oedometer test on com-
pacted limestone gravel having equivalent diameter sizes 
in the range 25–30 mm (Ortega 2010).
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4.2 Particle breakage

Figure 8 shows an example of the evolution of the 
grain size distribution of the 2.8 cm particle size 
sample when the vertical stress reached 2.8 MPa. 
The final grain size distribution is not a continuous 
function which is probably a result of the limited 
number of particles defining a macroparticle but, 
also, of the relatively low number of “clumps” used 
in the simulation.

5 CONCLUSIONS

In this work, a model of unsaturated rockfill 
assemblies has been implemented using the DEM. 
A particle breakage criterion incorporating the 
mechanics of crack propagation in brittle mate-
rials is a key point of the model. This opens the 
possibility of quantifying scale effects in rockfill, 
a subject of practical interest.

The shape for the initial clumps of particles 
is roughly pyramidal; each one is composed by 
several spheres. The clump incorporates an inner 
defect that will grow with time following a modi-
fied Charles law under a mode I type of loading. 
The crack propagation velocity and the size of the 
defect increase progressively with time until the 
clump breaks.

Crack propagation is controlled by the initial 
distribution (in the entire sample) of defects and its 
initial length as well as on stress intensity, current 
suction (or relative humidity) and time.

For the calibration of the parameters of the 
model, data from real oedometer tests performed 
on samples having an average particle diameter of 
2.8 cm were used.

Numerical simulations were then carried out, 
testing particle sizes in the range 0.28–56 cm (ini-
tial particle average size) in order to evaluate the 
compressibility of the rockfill at different scales. 
The model is capable of a precise reproduction of 
long-term (oedometer) tests. Short-term compress-
ibility increases with particle size.

The model provides also information of the 
evolution of grain size distribution during loading 
of specimens and an example for an initial set of 
uniform particles having a size of 2.8 cm is given 
in the paper.

Thus, the model presented here can be used as 
a virtual laboratory to explore size effects and the 
behavior of rockfill in real situations.
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Incorporation of the soil-water characteristic curve hysteresis 
in pavement design
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ABSTRACT: The Mechanistic Empirical Pavement Design Guide (MEPDG) incorporates unsaturated 
soil mechanics into the analysis and pavement design. This task is accomplished by using climatic and 
soil properties to estimate the suction, which along with the Soil-Water Characteristic Curve (SWCC) 
are used to determine the degree of saturation. Although large strives have been made to incorporate 
unsaturated soil mechanics in pavement design, the MEPDG does not incorporate the hysteretic behavior 
of the SWCC but rather, the analysis is performed using only the drying branch. This paper presents a 
stochastic evaluation of the models used in the MEPDG to estimate the water content of the unbound/
granular materials considering the hysteretic behavior of the SWCC. It was found that the prediction of 
the resilient modulus is overly conservative for any climatic condition when hysteresis is not considered 
and therefore, consideration of the SWCC hysteresis in pavement design and analysis is necessary and 
recommended.

the wetting SWCC into the ECIM using the Feng 
and Fredlund (F&F) hysteresis model (Feng & 
Fredlund 1999). The resilient modulus estimated is 
compared to the results from the current MEPDG 
model for the Levels 1 and 3 analyses. A stochas-
tic evaluation is incorporated into the analysis to 
accurately consider pavement design reliability.

2 OBJECTIVES

The objectives of this paper were:

1. Present a procedure that allows for the incor-
poration of the wetting SWCC branch into the 
EICM model for the prediction of the moisture 
content of unbound materials.

2. Determine the effects of considering the SWCC 
hysteretic behavior in the prediction of the 
degree of saturation.

3. Determine the effects of considering the SWCC 
hysteretic behavior in the prediction of resilient 
modulus at equilibrium.

The analysis was performed under a stochastic 
framework and the results included pavement reli-
ability considerations.

3 SWCC HYSTERESIS

The SWCC hysteresis curves are shown in Figure 1. 
The two main hysteresis curves, the primary drying 
(2) and primary wetting (3) curves, are called the 

1 INTRODUCTION

The MEPDG is one of the first analysis tools for 
pavement engineers that incorporates unsaturated 
soil mechanics into the pavement design via the 
Enhanced Integrated Climatic Model (EICM). The 
EICM uses climatic conditions and soil properties 
of the design location to estimate equilibrium soil 
suction values by using the TMI-Matric Suction 
model (Witczak et al., 2006). The soil matric suc-
tion is then used to estimate the water content at 
equilibrium condition by making use of the soil 
water characteristic curve (SWCC) models. This 
procedure yields an environmental factor, which is, 
in simple terms, the normalized moisture content 
to the as-constructed moisture content, usually at 
optimum conditions. The environmental factor is 
then applied to the resilient modulus at optimum 
condition, which yields the modulus used in the 
prediction of important pavement distresses such 
as permanent deformations or rutting.

The EICM makes used of the Fredlund and 
Xing (F&X) SWCC model into the design for 
mathematical modeling purposes. However, the 
Fredlund and Xing SWCC model only incorpo-
rates the drying branch of the SWCC. It has been 
proven that the SWCC exhibits hysteresis during 
the pore wetting and drying processes (Fredlund & 
Rahardjo 1993). Therefore, there is a need to incor-
porate the wetting SWCC curve into the EICM to 
improve the prediction of the moisture content 
of the soil at equilibrium conditions. This paper 
presents a procedure envisioned to incorporate 
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main hysteresis loop. The initial drying curve (1) is 
a unique theoretical curve that is mainly used for 
engineering applications. This curve starts at the 
saturated water content, θs, or porosity of the soil. 
The existence of intermediate wetting and drying 
curves such as the drying scanning curve (4) and 
the wetting scanning curve (5), makes the problem 
even more difficult to solve.

The difference between the wetting and dry-
ing processes is significant; therefore, taking into 
account the effects of hysteresis is necessary.

4 INCORPORATING THE SWCC 
HYSTERESIS INTO A STOCHASTIC 
EICM EVALUATION

4.1 Feng and Fredlund model

In 1999, Feng and Fredlund presented a simple 
model that was able to fit both the wetting and 
dry curve with a good-fit (Feng & Fredlund 1999). 
The Feng and Fredlund model is presented in 
Equation 1.
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where Su = degree of saturation (%S) at 0 suction; 
and b,c,d = regression coefficients.

As shown in Equation 1, the Feng and Fredlund 
model is presented with the 1994 Fredlund and 
Xing correction factor that forces the function to 
zero degree of saturation when the suction reaches 
1,000,000 kPa.

4.2 Predicting the wetting SWCC using the 
Feng & Fredlund hysteresis model

Using the Pham et al. (2005) equations the Feng 
and Fredlund drying curve can be modified by the 
following equations:

cw = cd (2)
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Suw = 0.9Sud (5)

where cw, bw, and dw = wetting curve regression 
coefficients; cd, bd, and dd = drying curve regres-
sion coefficients; RSL and DSL = slope and distance 
ratios between the boundary curves (values shown 
in Table 1), respectively; Suw = degree of saturation 
at 0 suction for the wetting branch; and Sud = degree 
of saturation at 0 suction for the drying branch.

Suw adjustment was based on Pham et al. (2005) 
recommendation that 90% of the boundary drying 
curve will suffice due to the entrapped air that is 
encountered when the soil begins to dry and then 
wet again or water leaving or entering a pore within 
the soil skeleton (Fredlund & Rahardjo 1993).

4.3 Fitting the Fredlund & Xing model

With the wetting and dry boundary curves devel-
oped, the 1994 Fredlund and Xing equation can be 
fit to both, the wetting and drying SWCC curves, 
using Equation 6:
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where ψ = suction in kPa; ψr = residual suction; 
and af, bf and cf = fitting parameters.

Figure 1. Schematic illustration of different hysteresis 
curves (modified from Hogarth et al., 1988).

Table 1. RSL and DSL values (modified from Pham et al., 
2005).

Soil type RSL DSL

Sand 2.0 0.20
Sandy loam 2.5 0.25
Silt loam and clay loam 1.5 0.50
Compacted silt and sand 1.0 0.35
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4.4 Appling coefficients of variation

After obtaining the wetting and drying coeffi-
cients for the Fredlund and Xing model, the coef-
ficients of variation from Rosenbalm (2011) can be 
applied to create an upper and lower confidence 
bound curves to the wetting and drying curves. 
Table 2 shows the coefficient of variations for the 
drying curve obtained by Rosenbalm (2011) stud-
ies. The CV’s for the regression constants shown in 
Table 2 where based only on drying SWCC curves; 
however, for this study it was assumed that the 
CV’s for the wetting curve will be similar to those 
found for the drying SWCC curves.

Using Equation 7, the standard deviation of the 
regression coefficients can be determined:

σ μCV fμ*
 

(7)

where σ = standard deviation; CV = coefficient 
of variation; and μf = mean regression coefficient 
which applies to af, bf, or cf coefficients.

4.5 Creating descriptive statistics for SWCC 
hysteresis

The standard deviation determined from 
Equation 7 can be applied to the mean value by add-
ing or subtracting 1.96σ, which creates the upper 
and lower confidence bounds to the SWCC curves. 
The value of 1.96 corresponds to a 95% confidence 
interval for a normal distribution. It was assumed 
that measured properties (Level 1 analysis) will fol-
low normality since the soils within a given project 
are tested and determined to be statistically the 
same or statistically different. With the upper and 
lower bound determined, Table 3 can be use as a 
reference to determine the descriptive statistics for 
the SWCC parameters. The alpha and beta shape 
factors, shown in Table 3, are associated with the 
beta distribution, which is coupled with the Monte 
Carlo Simulation presented below to obtained 
error bars, as shown below. More details can be 
found in Reliability Associated with the Estimation 
of Soil Resilient Modulus at Different Hierarchical 
Levels of Pavement Design (Rosenbalm 2011).

Figure 2 shows an example of the upper and 
lower confidence bounds associated with the 

wetting and drying curve for a clayey soil. The 
drying curve in this example was obtained from 
measured suction values, while the wetting curve 
was predicted using the steps outlined above.

Table 2. Coefficients of variation for Fredlund & Xing 
regression coefficients (modified from Rosenbalm 2011).

F&X Regression constants
Soil type af bf cf

Sand 42.98% 1.03% 5.73%
Silt 13.79% 0.46% 9.29%
Clay 7.82% 37.96% 41.28%

Table 3. SWCC descriptive statistics.

Descriptive 
Statistic 

F&X Regression constants af, bf, or cf

Mean, μ Obtained from testing and fitting F&X
Variance, σ2 σ2

Standard 
deviation

σ = CV*μ

Minimum, a a = μ-1.96σ (from wetting SWCC)
Maximum, b b = μ-1.96σ (from drying SWCC)
Alpha shape 

factor
(Johnson 
et al., 1994)
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Figure 2. Upper and lower boundaries for the wetting 
and drying curves.
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Based on the information provided above, the 
following steps can be followed to generate a wet-
ting curve for use in a stochastic evaluation of the 
EICM:

Fit the drying SWCC points to the Feng and 
Fredlund (F&F) drying Model.

1. Predict the wetting SWCC using the Feng and 
Fredlund Model.

2. Fit the Fredlund and Xing (F&X) model to the 
Feng and Fredlund model to obtain the EICM 
fitting parameters.

3. Fit the drying SWCC points to the Fredlund 
and Xing Model.

4. Apply coefficients of variations (CV’s) (Rosen-
balm 2011) to the wetting and drying curve fit-
ting parameters to create an upper and lower 
bound for the SWCC.

5. Using the upper and lower confidence bound for 
the Fredlund and Xing fitting parameters, cre-
ate descriptive statistics for the SWCC input.

5 DEGREE OF SATURATION 
COMPARISON

Once the SWCC hysteresis was incorporated into 
the analysis procedure, the degree of saturation as 
well as the resilient modulus at equilibrium were 
estimated and compared to those values obtained 
without considering the SWCC hysteric behav-
ior. The analysis was performed with Level 1 data 
(measured properties) and Level 3 data (estimated 
properties).

The comparison was performed on a clayey 
material for four different climatic locations: 
Phoenix (AZ), Amarillo (TX), Salem (OR) and 
Eureka(CA). The climatic information used is pre-
sented in Table 4, which includes the mean annual 
air temperature (MAAT), annual precipitation, 
and the Thornthwaite moisture index (TMI). Posi-
tive TMI values represent regions where precipita-
tion exceeds evaporation, whereas negative TMI 
values represent regions where evaporation exceeds 
precipitation.

The soil properties used for Level 1 and Level 3 
analyses are not presented in this document due 
to space limitations but they can be found in 
Rosenbalm (2011). The soil used is classified as 
A-6 by AASHTO classification; it has a percent 
passing #200 of 74%, a liquid limit of 43% and 
a plasticity index of 21%. The SWCC regression 
parameters for Level 1 analysis when hysteresis is 
considered are presented in Table 5. It should be 
noted that for this example, it was assumed that 
the mean values of all soil properties considered 
at Level 1 and Level 3 analyses were the same. 
Obviously, the CV’s associated with Level 1 soil 
properties are different than those associated with 
Level 3 soil properties.

The degree of saturation results for all loca-
tions for the Level 1 analysis, with and without 
hysteresis; and Level 3 results are shown in Fig-
ure 3 and Table 6. The error bars shown in Fig-
ure 3, correspond to two standard deviations, and 
were obtained by running a Monte Carlo Simula-
tion coupled with the beta distribution. As shown 
in Figure 3, the mean value for the degree of 
saturation for Level 3 and Level 1 without includ-
ing the hysteresis is similar while the values for 

Table 4. Climatic information for comparison 
(Rosenbalm & Zapata 2012).

City

MAAT
(0C)

Precipitation
(cm)

TMI
(unitless)

μ σ2 μ σ2 μ σ2

Eureka, CA 10.86 0.07 125 455.6 85.9 296.7
Salem, OR 11.73 0.08 108 360.6 57.8 476
Amarillo, TX 13.98 0.23 58.0 150.3 –15.4 172.8
Phoenix, AZ 23.90 0.16 17.9 31.2 –58.2 5.7

Table 5. SWCC regression constants considering 
hysteresis.

F&X regression constants

Descriptive statistic af bf cf

Mean 206.32 0.5768 1.0339
Variance 9602.6 0.0901 1.1727
Standard deviation 97.99 0.3002 1.0829
Minimum 100.32 0.1605 0.0304
Maximum 317.15 1.0938 2.6962
Alpha shape factor 1.4210 1.4210 1.4210
Beta shape factor 1.4210 1.4210 1.4210

Figure 3. Degree of saturation for different climatic 
locations.
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Level 1 with hysteresis are lower and present larger 
error bars. In addition, the effects of the SWCC 
hysteresis are more pronounced for the arid and 
semi-arid climate of Phoenix (AZ) and Amarillo 
(TX); whereas, the effects of the SWCC hysteresis 
in the estimation of the degree of saturation is less 
pronounced in the wet climate of Eureka (CA) and 
Salem (OR).

6 COMPARISON OF RESILIENT 
MODULUS PREDICTION

It was shown that the degree of saturation pre-
diction is different when the hysteric behavior 

of the SWCC is incorporated into the stochastic 
analysis, when compared to the predicted values 
obtained by using the drying SWCC. Therefore, it 
is expected that the predicted values of the resilient 
modulus at equilibrium conditions of unbound 
and granular materials change as well. As outlined 
above, the resilient modulus at equilibrium is a 
function of the resilient modulus at optimum con-
dition and the environmental factor representing 
climatic conditions and soil properties (Witczak 
et al., 2006). The environmental factor on the other 
hand, is a function of the degree of saturation, the 
initial (as-constructed) moisture content, and the 
soil index properties such as plasticity index and 
grain-size distribution. Thus, changes in the limits 
of the degree of saturation will either increase or 
decrease the environmental factor.

Using the same climatic locations and soil 
properties for the A-6 soil previously presented, 
the log transformation of the resilient modulus at 
equilibrium values were estimated. The results are 
presented in Table 7. Figure 4 shows the results of 

Table 6. Degree of saturation results for the 
comparison.

Eureka, CA

Property L3 L1 w/o Hysteresis L1 Hysteresis

μ 95.9 96.1 85.6
σ2 23.7 15.5 108.6
σ 4.9 3.9 10.4
a 73.6 80.9 51.6
b 100.0 100.0 100.0

Salem, OR
Property L3 L1 w/o Hysteresis L1 Hysteresis
μ 95.4 95.7 83.3
σ2 26.5 17.3 124.2
σ 5.1 4.2 11.1
a 74.0 78.9 47.4
b 100.0 100.0 100.0

Phoenix, AZ
Property L3 L1 w/o Hysteresis L1 Hysteresis
μ 59.9 58.9 26.5
σ2 74.6 78.2 120.9
σ 8.6 8.8 11.0
a 34.2 36.0 8.6
b 94.4 93.6 80.1

Amarillo, TX
Property L3 L1 w/o Hysteresis L1 Hysteresis
μ 88.9 88.1 63.9
σ2 64.9 54.2 252.1
σ 8.1 7.4 15.9
a 59.3 62.3 26.6
b 100.0 100.0 100.0

Phoenix, AZ
Property L3 L1 w/o Hysteresis L1 Hysteresis
μ 59.9 58.9 26.5
σ2 74.6 78.2 120.9
σ 8.6 8.8 11.0
a 34.2 36.0 8.6
b 94.4 93.6 80.1

Table 7. Log of resilient modulus at equilibrium 
conditions.

Eureka, CA

Property L3 L1 w/o Hysteresis L1 Hysteresis

μ 3.94 3.97 4.206
σ2 0.026 0.013 0.066
σ 0.161 0.116 0.257
a 3.555 3.735 3.736
b 4.46 4.347 4.878

Salem, OR
Property L3 L1 w/o Hysteresis L1 Hysteresis
μ 3.949 3.981 4.258
σ2 0.028 0.015 0.073
σ 0.166 0.123 0.27
a 3.545 3.729 3.75
b 4.55 4.385 4.956

Amarillo, TX
Property L3 L1 w/o Hysteresis L1 Hysteresis
μ 4.097 4.156 4.631
σ2 0.051 0.036 0.087
σ 0.225 0.19 0.296
a 3.566 3.744 3.765
b 4.77 4.691 5.172

Phoenix, AZ
Property L3 L1 w/o Hysteresis L1 Hysteresis
μ 4.689 4.743 5.106
σ2 0.026 0.023 0.009
σ 0.16 0.15 0.097
a 4.012 4.128 4.568
b 5.162 5.077 5.303
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the resilient modulus at equilibrium in terms of 
reliability.

When looking at the results of the resilient mod-
ulus at equilibrium in terms of the mean values, 
both Level 3 and Level 1 without the hysteresis 
produce similar results, while Level 1 considering 
the hysteretic behavior is considerably and statisti-
cally different. On the other hand, when looking at 
a 95% reliability level, all three comparisons yield 
different results. As the TMI increases (the cli-
mate changes from arid to wet climate), the results 
obtained for Level 1 analysis with and without hys-
teresis begin to merge. This is due to the proximity 
of the moisture content to saturated conditions. In 
addition, all three results are statistically different. 
The results of the statistical analysis obtained 
for the comparison can be seen in Table 8. The 
“accept” or “reject” corresponds to accepting or 
rejecting the null hypothesis.

7 SUMMARY AND CONCLUSIONS

As shown above, the incorporation of  the main 
wetting curve into the prediction of  the degree 

of  saturation of  unbound materials in the EICM 
model used in pavement design reduces the degree 
of  saturation predicted in all climatic regions ana-
lyzed and hence, it increases the predicted resilient 
modulus values. Due to the uncertainty associ-
ated with the model used to estimate the wetting 
branch of  the SWCC, the variance associated 
with the prediction of  the degree of  saturation 
increases. However, the variance will decrease if  
a measured wetting SWCC curve is used in the 
design process.

The results obtained are dramatically impor-
tant for the pavement design in arid regions. It 
was observed that as the TMI decreases (the cli-
mate becomes more arid), the resilient modulus 
predicted increases exponentially. It implies that 
the addition of  the SWCC hysteresis into the 
most current pavement design guide (MEPDG) 
available, increases the resilient modulus design 
value in arid regions, which in turn reduces the 
pavement cross-section when compared with 
the pavement cross-sections estimated with the 
resilient modulus at equilibrium for Level 3 and 
Level 1 without the incorporation of  the SWCC 
hysteresis.

Finally, the results showed that regardless of the 
method used to obtain the main wetting SWCC 
curve, the incorporation of hysteresis in the mod-
els used to predict the resilient modulus will yield 

Figure 4. Differences in resilient modulus at 
equilibrium.

Table 8. Statistical analysis of the resilient modulus at 
equilibrium mean values.

Eureka, CA

Level 3 Level 1 w/o Level 1 With
Level 3 Accept Reject Reject
Level 1 w/o Reject Accept Reject
Level 1 With Reject Reject Accept

Salem, OR
Level 3 Level 1 w/o Level 1 With

Level 3 Accept Reject Reject
Level 1 w/o Reject Accept Reject
Level 1 With Reject Reject Accept

Amarillo, TX
Level 3 Level 1 w/o Level 1 With

Level 3 Accept Reject Reject
Level 1 w/o Reject Accept Reject
Level 1 With Reject Reject Accept

Phoenix, AZ
Level 3 Level 1 w/o Level 1 With

Level 3 Accept Reject Reject
Level 1 w/o Reject Accept Reject
Level 1 With Reject Reject Accept

* Null hypothesis: Meani = Meanj
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results that are less conservative and therefore, 
represents a more accurate and sustainable solu-
tion for an important material property needed in 
pavement infrastructure design.

REFERENCES

Feng, M. & Fredlund, D.G. 1999. Hysteretic influence 
associated with thermal conductivity sensor measure-
ments. In Proceedings From Theory to the Practice of 
Unsaturated Soil Mechanics, 52nd Canadian Geotech-
nical Conference and the Unsaturated Soil Group, 
Regina, Sask., 23–24 October 1999: 14:2:14–14:2:20.

Fredlund, D.G. & Xing, A. 1994. Equations for the Soil-
Water Characteristic Curve. Canadian Geotechnical 
Journal 31(4): 521–532.

Fredlund, D.G. & Rahardjo, H. 1993. Soil Mechanics for 
Unsaturated Soils. John Wiley & Sons.

Hogarth, W.L., Hopmans, J., Parlange, J.-Y. & 
Haverkamp, R. 1988. Application of a simple 
soil-water hysteresis model. Journal of Hydrology, 98: 
21–29.

Johnson, N.L., Kotz, S. & Balakrishnan, N. 1994. 
Continuous Univariate Distributions: Volume 2. 
New York: Wiley—Interscience.

Pham H.Q., Fredlund, D.G. & Barbour, S.L. 2005. 
A study of hysteresis models for soil-water charac-
teristic curves. Canadian Geotechnical Journal 42: 
1548–1568.

Rosenbalm, D.C. 2011. Reliability Associated with the 
Estimation of Soil Resilient Modulus at Different Hier-
archical Levels of Pavement Design. Master Thesis, 
Arizona State University.

Rosenbalm, D.C. & Zapata, C.E. 2012. Incorporating 
Stochastic Evaluation in the Estimation of Soil Resil-
ient Modulus. In Proceedings for the 2012 GeoCon-
gresss, ASCE. Oakland, CA. March 2012. CD ROM.

Witczak, M.W., Zapata, C.E. & Houston, W.N. 2006. 
Models Incorporated into the Current Enhanced Inte-
grated Climatic Model. NCHRP 9–23 Project Findings 
and Additional Changes after Version 0.7. Tempe, Ari-
zona: Arizona State University, NCHRP 1–40D Final 
Report, Inter Team Technical Report.

CAICEDO.indb   467CAICEDO.indb   467 12/27/2012   5:01:29 PM12/27/2012   5:01:29 PM



This page intentionally left blankThis page intentionally left blank



469

Advances in Unsaturated Soils – Caicedo et al. (eds)
© 2013 Taylor & Francis Group, London, ISBN 978-0-415-62095-6

Results of unsaturated tests on metastable soils

J.C. Ruge & R.P. da Cunha
University of Brasilia, Brasilia D.F., Brazil

D. Mašín
Charles University, Prague, Czech Republic

ABSTRACT: The main objective of the current research is to analyze through the use of elemental 
simulations, unsaturated tests executed on soils with metaestable characteristics (Brasilia porous clay), 
which due to high porosity and kind of cementation, presents a structure temporally unstable when 
undergoing an increasing of wetting and/or variation of the stress state, resulting in the most of cases in 
a significant change of volume denominated collapse. The tests were done in the Geotechnical Lab from 
the University of Brasilia and Geological Institute from Charles University in Prague, considering char-
acterization tests for the identification of the basic properties, tests for determination of the characteristic 
curve, consolidation, direct shear and triaxial, in both conditions saturated and unsaturated, as well as 
the porosimetry test, for the study of the mechanical behavior. The tests were reproduced using numerical 
modeling to elemental level, involving a hypo-plastic model for the unsaturated soils behavior.

to 6 blows), low strength of tip (CPT between 0.6 
to 2.3 MPa), low bearing capacity, low saturation 
level and high permeability (10–3–10–4 m/s). Due 
to high porosity and kind of cementation, the soil 
presents a structure highly unstable when it is sub-
jected to sub-stantial increases of humidity and/
or alteration of stress state (Cunha et al., 1999) 
(Figure 1).

1 INTRODUCTION

The numerical simulations based on element tests, 
currently are useful when the researcher wants to 
have an initial approaching of the behavior of a 
sample, especially if  it is reproduced through of 
the constitutive model selected for the stage of 
numerical modeling of a geotechnical structure in 
particular. Depending on the constitutive theory 
this kind of simulation is an additional tool when 
calibrating the parameters necessary for a subse-
quent phase of modeling (Moya, 2011).

The constitutive model used as a reference 
in this work is based on hypoplasticity with an 
extension for unsaturated response of the soil 
(Mašín & Khalili, 2008). The constitutive equations 
were developed taking into account the critic state 
concept of the soils and the effective stress princi-
ple, giving a special importance to stiffening effect 
of the suction on the mechanical behavior and the 
collapse phenomenon upon wetting. The peculiar 
characteristics of the porous clays from Brasilia are 
perfectly suitable to the reference model, due to the 
fact that the mechanical response presented is gov-
erned by the partial saturation and the collapse.

2 GEOLOGICAL AND GEOTECHNICAL 
CHARACTERISTICS

The typical soil form the region is a lateritic red 
clayey soil, denominated as porous clay, presents 
low strength to the penetration (SPT between 1 Figure 1. Results from SPT in the site.
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The typical soil profile can be divided in the next 
layers (Mota, 2003 and Guimaraes, 2002):

− 0 to 3.5 m—clayey-silty porous sand, with pre-
dominance of gibbsite, macrospores and aggre-
gates, high void ratio (1.27–1.60), solid specific 
weight around of 26.5 kN/m3 and PI about 10. 
It is important to emphasize that the properties 
between 3 to 4 meters correspond to the transi-
tion zone;

− 3.5 to 8.5 m—Sandy-silty clay, zone of physi-
cal, mineralogical, and microstructural proper-
ties that goes gradually varying until to find the 
residual soil to 8.5 m. In this layer the gibbsite, 
porosity, macroporosity decreases, the void ratio 
begins to reduce (1.27 to 0.89), solid specific 
weight and PI are similar to the previous layer.

− 8.5 to 26.0 m—In this depth the soil has a silty tex-
ture, characterized for the increasing of the void 
ratio (0.96 to 1.08), solid specific weight (around 
of 27.4 kN/m3) and PI (average value of 17) with 
a more homogenous pore distribution. The solid 
specific weight (around of 26.5 kN/m3), consist-
ing of clayey mineral as kaolinite (γs = 25.5 kN/
m3), quartz (γs = 26.0 kN/m3) and ferric hydrox-
ide (hematite; (γs = 51.0 kN/m3) and alumina 
(gibbsite; γs = 24.0 kN/m3). The increasing of 
γs from 8 m must be due to the disappearing 
of the gibbsite, while the hematite contain is 
maintained.

3 CHARACTERIZATION OF THE 
MATERIAL

3.1 Basic characterization

By means of physical and chemical tests executed, 
a complete characterization of the material, in the 
Table 1 it is possible to analyze some basic proper-
ties and geotechnical parameters from the soil in 
study.

In the Figure 2, in terms of the granulometry, 
is shown that the samples present large differences 
when the tests are done with or without defloccu-
lant, this difference is due to presence of bonding 
in the form of lump in the soil, since the existing 
particles of the clay and silt form packages in the 
soil similar to the sand grains. i.e. it exists clearly 
a distribution of macrospores and microspores 
(bimodal) in the sample tested.

Although the granulometric curve is unimodal 
in both cases, this behavior can be evidenced in 
the analysis of the porosimetry test and the water 
retention curve.

It was also carried out a porosimetry test with 
mercury intrusion, which permits to determine the 
pore size and distribution, as well as, the appar-
ent density and packaging of a porous medium 
nucleus (soil).

This process is based on the injection of mer-
cury in the pores of the sample, in order to esti-
mate the capillary pressures, being the pore size 
inversely proportional to the applied pressure. The 
test determines the pore volume and size distribu-
tion (Fig. 3).

It’s important in the Figure 3 (derivative of the 
cumulative pore volume vs. pore radius); to observe 
that the variations of inflection in the graph in the 
form of peaks show that there is presence of micro-
pores and macropores in the sample.

Table 1. Basic characterization of the material under 
analysis.

Sample 1B 2 A

Depth (m) 6.0 9.0
w (%) 26.8 19.6
γs [kN/m3] 28.01 28.02
γd [kN/m3] 11.39 12.88
γ [kN/m3] 14.70 15.51
Gs 2.81 2.82
LL (%) 48 50
PL (%) 29 30
IP (%) 19 20
IC 1.13 1.55

Figure 2. Granulometry of the porous clay from 
Brasilia.

Figure 3. Results of the porosimetry test.

CAICEDO.indb   470CAICEDO.indb   470 12/27/2012   5:01:30 PM12/27/2012   5:01:30 PM



471

3.2 Mineralogical and chemical characterization

X-ray diffractometry (XRD), which is a valuable 
tool to mineralogical characterization of clayey 
minerals and other components, was used. Also 
were executed analysis for samples of 6 and 9 m, in 
a diffractometer Xt’Pert Pro, in the Geochemical, 
Mineralogy and Minerals Resources Laboratory 
of the Charles University in Prague. Table 2 shows 
the list of patterns of the mineral found in the sam-
ple located to 6 m of depth.

Using these technics was possible to identify 
minerals as quartz, kaolinite, gibbsite and hema-
tite coinciding with the work reported by Cardoso 
(1995), being important to review that a factor that 
affects the results of the (Gs) for values higher than 
the typical (2.60–2.68), generally is influenced by 
the presence of ferric and aluminum minerals that 
increases the value of Gs.

In addition it is significant to highlight that 
although the quantity of these minerals is relatively 
low, they can have an influence on the cementation 
of the clay, generating it a metastable behavior ac-
cording to Sultan (1969), who mentioned that the 
collapsible soils are part of a metastable soil group, 
where the initial structure is broken due to environ-
mental variations, in agreement with Vargas (1973) 
who defined collapsible soils as all the lateritic 
porous surface, characterized for the partial satu-
ration and ferric oxide bonding. In accordance the 
fine fraction of lateritic soils is predominately kao-
linite with aluminum and ferric oxide, which are 
interconnected of stable way in a porous fabric.

3.3 Geomechanical characterization

3.3.1 Strength and consolidation tests
For the tests that supplied the mechanical behavior 
of the material, out two phases of lab tests were 
carried, being the first in the Geotechnical Labo-
ratory from the UnB, where were tested undefor-
mated samples in saturated state.

The second phase was executed in the Geologi-
cal Institute from Charles University in Prague. 
Figure 4 shows the results of oedometric tests 
located at 9 m of depth in saturated, unsaturated 
conditions and reconstituted sample.

In the saturated curve it is possible to confirm 
the response from a partially structured soil, where 
the bonding has few influence in the strain of the 
sample (natural and fabric only), in the ln p vs. e 
space that is characteristic of a normally or lightly 
overconsolidated clay (Brasilia Clay) that presents 
a metastable structure where the stress sensitivity 
decreases with the loading.

S
p
p

nat

rec
σ =

 
(1)

In relation with the drained triaxial tests in 
saturated conditions in the Figure 5 it is possible 
to analyze the results for different confining stress 
(left), as well as the triaxial tests in unsaturated 
conditions (right).

The reference model, which will be studied in 
the next chapter needs, for an adequate calibration 
of the parameters, the results of a compression 
isotropic test presented in the Figure 6, where was 

Table 2. Result of XRD phase analysis—List of 
patterns.

Compound Score
Total 
lines Scale Factor

Semi-
quant (%)

Quartz 69 12 1.010 63
Gibbsite 45 69 0.117 11
Kaolinite 42 116 0.121 21
Hematite 57 10 0.063 5

Figure 4. Oedometric test of Brasilia Clay.

Figure 5. Triaxial tests of Brasilia Clay.

Figure 6. Compression isotropic test.
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subjected the sample to suction of 200 kPa and 
induced the collapse by wetting when the net pres-
sure was 750 kPa.

3.4 Hydraulic characterization

The relation between suction and humidity repre-
sents an important function in the characteriza-
tion of an unsaturated soil, this relation can be 
evidenced by means of the comparison between 
the stored water and the soil suction, called suction 
water characteristic curve (SWCC) that reveals 
the relation between the pore distribution and soil 
structure. Figure 7 shows the SWCC of the studied 
soil obtained trough of the axis translation technic 
reaching a maximum suction of 1500 kPa that cor-
responds a value of 35% of residual volumetric wet 
content according to the distribution pore in the 
water retention of the macro-spores.

The characteristic curve of the soil (SWCC) is 
used to estimate the hydraulic parameters of the 
water flux in the subsoil in the unsaturated zones, 
generally above of the phreatic level. The math-
ematic model selected to simulate the behavior of 
the water retention in the Brasília clay was pro-
posed by van Genuchten (1980) by means of the 
equation 2 that relates the saturation with the pres-
sure head.

S S
p

c

reS s sat res

g

( )SS
p

( )S SsS at reS sφppp
+SreS s +)SreS s ( )g n

ag p
g| |pφp

⎡
⎣

⎤
⎦
⎤⎤1

 
(2)

Where Sres is the residual saturation, which 
denotes the liquid portion that remains in the pores, 
even to high head pressures, ga is a fit parameter 
related to the air entry value of the soil, Ssat is a 
value always lower than 1, since the pores generally 

in saturated conditions are not completely filled 
with water because the air can avoid the saturation. 
gn and gc are another fit parameters which is func-
tion of the water extraction rate of the soil when 
the entry air value was exceeded.

4 REFERENCE MODEL

This research is based as reference model the hypo-
plasticity theory for unsaturated soils, the constitu-
tive equations were developed based in critical state 
concept and the effective stress principle, taking in 
account the effect of stiffness increasing, governed 
by the variation of the suction on the mechanical 
response and the collapse phenomenon by wetting 
(Mašín & Khalili, 2008).

4.1 Constant suction model

As was mentioned in the previous paragraph the 
reference model is supported in the concept pro-
posed by Mašín & Khalili (2008) where the suc-
tion influences the effective tension and the normal 
forces on the interparticles contacts improving the 
skeleton stiffness of the soil, since the particles are 
close and therefore interacting stronger. In other 
words, this behavior increases the state bound-
ary stress (SBS) analogously like are bonded the 
soil particles in ce-mented saturated geomaterials 
(Masin & Herle 2005).

In these conditions, the SBS size for unsaturated 
soils is defined by the NCL based on the compres-
sion law of Butterfield (1979) for the critical state 
line as is showed in the next equation.

ln( ) ( ) ( ) ln*N) =) ) (−
p
pr

λ*

 
(3)

From where e is the void ratio, considered 
like state variable in the constitutive model. The 
expressions N(s) and λ*(s) predicts the position 
of the inclination of the compression virgin line in 
the space ln(p/pr) vs ln(1+e) for determined suc-
tion s, and the model parameters N and λ* define 
the values for unsaturated conditions. The equa-
tion 4 shows the expression for equivalent ten-
sion of Hvorslev on the NCL for a given suction 
(Hvorslev, 1960).

p p
N

e rp
−⎡

⎣
⎢
⎡⎡

⎣⎣

⎤

⎦
⎥
⎤⎤

⎦⎦
exp ( )s l ( )e+

( )s*λ*
 

(4)

Mašín (2007) modified the values of the barot-
ropy fs and picnotropy fd, since demonstrated 
that the incorporation of the virgin compressibil-
ity in the intercept N(s) affects the origin values Figure 7. Compression isotropic test.
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proposed by Gudehus (1996), above the picnotropy 
factor:

f
p

pdff
e

=
⎛
⎝⎜
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠

2
α

 
(5)

Pe is found according with the equation 5, and 
the barotropy factor is:

f
trT
psff

e
= − ( )a+ −a2 1−)

 
(6)

The scalar factor α is in function of the param-
eters λ* and κ* this can be consulted in Mašín & 
Khalili (2008), as well as the factor a.

4.2 Model for any state of overconsolidation

The next assumptions are used to complement 
the constitutive equation for any state and load 
condition:

– The suction controls the stability of contacts 
be-tween particles, increasing the suction under 
constant effective tension.

– The more open is the soil structure, the lower 
is the number of interparticle contacts; hence, 
each contact must transmit larger shear forces 
(Mašín & Khalili, 2008).

T N D
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+f L f f Hs dff ff uff)  (7)
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�
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Where s is introduced to consider the first 
assumption, and fu, the new picnotropy factor that 
controls the tendency of soil structure to collapse, 
reproduce the second. The factor must be equal to 
1 to states in the SBS (in this case the structure is 
as open as possible and collapse being controlled 
by H only), instead fu tends to zero for OCR = pe/p 
tends to infinite (no wetting induced interparticle 
slippage occurs in highly overconsolidated soil). 
The following expression for the factor fu satisfying 
these requirements is proposed:

f
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puff SBS
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⎞⎞
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(9)

Where pSBS is the effective mean stress at the SBS 
corresponding to the current normalized stress 

T/trT and the current void ratio e and m is a model 
parameter controlling the influence of overconsol-
idation on the wetting-induced collapse.

4.3 Parameters of the model

Besides of the parameters of the hypoplastic 
model for saturated soils (φ, N, λ*, κ*, r) according 
to (Mašín, 2006), the extension of the proposed 
model needs consider the influence of the suction 
on N and λ, respectively denote as N(s) and λ (s), 
being that m controls the collapse of the structure 
along the wetting paths and se is the value of suc-
tion at the air entry and/or air expulsion. n and l 
are scalar quantities included inside of the formu-
lation of N(s) and λ (s) controlling the unsatu-
rated NCL.

N N n
s
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( )s ln= N
⎛
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⎞
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(11)

5 SIMULATION WITH ELEMENT TESTS

Figure 8 shows the results of an oedometric test 
and the calibration process for the parameters N, 
λ* and κ*, using a element test program that has 
involved the constitutive theory selected inside 
of the program structure, the Figure 9 reveals the 
behavior of the SBS where the shape depends of 
the soil parameters specially of λ*, κ* and φc.

Using the equations 10 and 11, it is possible to 
find the parameter n, also it is important to note 
that the parameter l is zero, due to that the inclina-
tion of the saturated NCL is equal as the unsatu-
rated. Figure 10 reveals the parameter m that 
controls the collapse by wetting for a suction of 
200 kPa. In the Table 3 it is possible to observe the 

Figure 8. Process of model calibration in an oedomet-
ric test.
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final parameters for the Brasilia Clay according 
with the hypoplastic constitutive model for unsatu-
rated response of the soil.

6 CONCLUSIONS

– The program element test are very useful when 
the research requires to calibrate parameters of 
a constitutive model, in this case of an unsatu-
rated model.

– In particular this element test program devel-
oped in Charles University is fitted only for 
unsaturated test, therefore when is necessary cal-
ibrate saturated parameters, it must use another 
kind of element test program.

– This procedure of calibration by means of ele-
ment test, is still in process of improvement, so 
the cur-rent results are considered preliminaries.
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Numerical analysis of unsaturated soil behaviour under large 
deformations
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ABSTRACT: Along the years Finite Element Method (FEM) has become an essential tool in 
engineering, specifically when dealing with complex situations. However, in order to simplify the simu-
lations some hypotheses had to be assumed. Although nowadays many of those hypotheses have been 
abandoned, some still remained in use. Among the conditions that are rarely reproduced numerically are 
the large deformations that play an important role in some geotechnical problems, such as installation 
process of piles, slope stability analysis, settlement problems in embankments within others, and the con-
dition of partially saturated soils that are the condition in which the majority of soils are found in nature. 
Therefore, this paper will introduce the general formulation of large deformations through the continuum 
mechanic method of Updated Lagrangian (UL) and propose a literature review of the constitutive model-
ling of unsaturated soils, emphasizing BBM-Subloading constitutive model (Cordão Neto et al., 2009).

words, it means that the geometry of the elements 
change very slightly during loading, therefore a 
consideration in which the deformations are of 
first order, infinitesimal and linear can be assumed 
(Zienkiewicz, 1977).

Indeed, those hypotheses turned out to be truth 
in most of the geotechnical problems analysed, 
since, in such cases, relatively small deformation 
are enough to cause collapse or lost in functional-
ity of those structures. However, there are some sit-
uations where these hypotheses are not suitable. In 
such cases, it is necessary to consider the geometric 
non-linearity of the problem. In order to illustrate 
the difference in results, Hanssen (2010) performed 
slope stability analyses of an embankment con-
sidering the classical solution for small deforma-
tions and the Updated Lagrangian Method (UL) 
for large deformations. The results are shown in 
Figure 1.

It could be easily seen that the failure surface 
are very different in both cases. Furthermore, UL 

1 INTRODUCTION

The complexity of geotechnical problems has been 
encouraging the use of numerical modelling to 
simulate soil behaviour. Among the most popu-
lar numerical modelling used is the finite element 
method. In order to make its use practical, several 
simplifications had to be imposed to real problems. 
However, along the years and with the advances in 
the numerical techniques, those simplifications have 
been gradually abandoned. Therefore, it is possible 
to have simulations closer enough to real situations.

Nevertheless, some simplifications are still 
remaining, such as the two highlighted in this 
paper: the hypothesis in which the deformations 
will be infinitesimals when compared to the prob-
lem’s dimensions and the hypothesis of fully satu-
rated soils or dry soils. Both hypotheses are rough 
simplifications since in some cases the deforma-
tions imposed to the soil can be relatively large and 
the conditions of fully saturated are exceptions, 
not rule.

This paper aims to introduce the general formu-
lation of large deformations and it proposes a bib-
liography review of the constitutive modelling of 
unsaturated soils along with a detailed section of 
the model BBM-Subloading (Cordão Neto et al., 
2009).

2 LARGE DEFORMATIONS

In the classical Finite element analysis it is assumed 
implicitly that deformations are small. In other 

Figure 1. Slope stability analyses (a) small deforma-
tions (b) Large deformations (Hanssen, 2010).
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method can reproduce heave, while conventional 
small deformation analysis cannot. Moreover, it 
can be observed that in the UL method the volume 
of material mobilised is greater than in the case 
simulated by small deformations theory.

2.1 Geometric non-linearity

According to Carter et al. (1977) there are, basi-
cally, two possible ways to describe deformations 
in a continuum medium, which are: Lagrangian 
Description, proposed by Lagrange, where the 
motion of the continuum medium is described by 
a function of the material coordinates and time. 
In this description, the mesh moves along with the 
material, as shown in Figure 2a. The other way is 
the Eulerian Description, proposed by Euler, where 
the motion of the continuum medium is described 
by a function of the spatial coordinates and time. 
There should be a distinction between spatial and 
material systems. In this case, the mesh is undis-
torted and the material is free to move along the 
mesh, as illustrated in Figure 2b.

The Lagrangian description of deformations 
is the description used in classic finite element 
methods (Qiu et al., 2010), while the Eulerian is 
the description used, for example, in the Material 
Point Method (MPM).

There are proposals in the literature of 
intermediate methods, between Lagrangian and 
Eulerian, and improvements of the original 
descriptions, as Total Lagrangian (TL) and 
Updated Lagrangian (UL), both modifications of 
the original Lagrangian Method, as alternatives to 
describe deformations.

TL and UL methods were developed to fill the 
gap left by the Lagrangian description itself, since 
it is not able to reproduce large deformations. The 
focus of this paper is the UL Method.

In the UL method the deformations occur in an 
incremental way. For each loading increment there 
is a change in the geometric position of the mesh 
nodes, together with changes in the stress state of 
its elements. These changes generate a new updated 
mesh. This process is repeated until the end of the 
loading increments.

UL Method is easily implemented in conven-
tional Finite Element codes and it is also able to 
produce generally good results. However, if  the 
deformations are exceedingly large UL method 
generate large mesh distortions, which produce 
negative Jacobian. As a result the simulation stops 
abruptly and no results are obtained.

In the literature, the number of published 
papers related to large deformations applied to 
geotechnics is not expressive. Nevertheless, there is 
an increase in the topic’s interest.

3 UPDATED LAGRANGIAN (UL)

Zienkiewicz (1977) presents in a simplified 
approach a Total Lagrangian formulation for 
large deformations. In the following it is shown 
the Updated Lagrangian formulation in the places 
where it differs from the Conventional Lagrangian 
Formulation adopted in traditional Finite Element 
Methods, namely Deformation-Displacement 
Total Matrix and Total Tangential Stiffness 
Matrix, based on Zienkiewicz (1977) and Khoei 
et al. (2011).

3.1 Deformation-displacement total matrix (B )

B B BNLB+ oB  (1)

where Bo is the Deformation-Displacement Lin-
ear Matrix for small deformations and BNL is the 
Deformation-Displacement Non-linear Matrix for 
Large Deformations.

If  k represents the degree of freedom of the sys-
tem and n the nodes number, and if  the problem is 
3D (as in the following example) B is a matrix of 
6 lines, thereby:
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Figure 2. (a) Lagrangian description (b) Eulerian 
description (Qiu et al., 2010).
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where ∂ ∂x∂i represents the derivative of the func-
tion forms of i node in relation to x axis (the same 
is valid for y and z) and ui, vi and wi represent the 
displacements in x, y and z directions, respectively, 
of i node.

3.2 Total tangential stiffness matrix (KT)

K = K +K  + KT[kn x kn] o[kn x kn] NL[kn x kn] σ [ ]σσ k k  
(5)

where Ko is the tangential stiffness matrix for small 
deformations, KNL is the tangential stiffness matrix 
for large deformations and Kσ is the matrix of 
stress state. In this way:
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where D is the constitutive matrix of the material, 
σx, σy, σz, τxy, τyz, τxz compose the material stress 
state vector.

Due to the dependency of the BNL matrix and 
consequently KNL matrix, in relation to the dis-
placements and M matrix and consequently Kσ 
matrix in relation to the stress state of the element, 
Band KT matrices have to be updated at each incre-
ment of loading as well.

4 CONSTITUTIVE MODELLING 
FOR UNSATURATED SOILS

Constitutive models are mathematical tools used 
to analyse materials behaviour. Until 1999, the 
majority of proposals of representation of unsatu-
rated soil behaviour were restrained to the repro-
duction of its mechanical behaviour. Barcelona 
Basic Model (BBM) proposed by Alonso et al. 
(1990) represents an important mark in this sense. 
BBM is an elasto-plastic model, derived from the 
established Modified Cam-Clay Model for satu-
rated soils.

Lately, there are developments of models that 
couple hydraulic and mechanical soil behaviours. 
However, what it is seen in the literature, nowadays, 
are proposals of new models that only improve 
previous models results, adding to it more param-
eters. These new constitutive models, if  it could be 
called this, do not offer any change in the para-
digm. The concept of Subloading incorporated 
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to elasto-plastic models is an example of change 
in paradigm, since it modifies the concept of elas-
tic and elasto-plastic. Another example of such a 
change is the introduction of Pore Size distribu-
tion (PSD) information into constitutive models.

Nakai et al. (2008) propose a model in which 
two parameters are added to represent the effects 
of fabric of the soil. As a result, the model is then 
able to reproduce either natural and remoulded 
clay soils.

Figure 3 briefly presents the evolution along the 
years of constitutive models for unsaturated soils.

One of the current trends is the development 
of constitutive models that incorporate the micro-
structure characteristics of the soil. Within this 
context, Hashiguchi (1980) highlighted yet that 
for an accurate description of the unsaturated soil 
behaviour its necessary succeed in the identifica-
tion of the internal variables that control the rela-
tionship between stress-deformation-resistance.

5 BBM-SUBLOADING (CORDÃO NETO 
ET AL., 2009)

Subloading theory was originally proposed by 
Hashiguchi (1980), followed by Pedroso et al. 
(2005); Nakai et al. (2008); Farias et al. (2008) 
among others. The model is an enhanced exten-
sion of elastoplastic models. The inclusion of Sub-
loading concept in a model allows it to describe 
the following features (Cordão Neto et al., 2009): 
1. inelastic strains during re-loading; 2. smooth 
transition between normally consolidated states; 
3. cyclic loads and 4. strain hardening behaviour 
with positive dilatancy (very typical behaviour 

of unsaturated soils). Adding to it only one state 
variable.

5.1 Subloading concept

Two components need to be added in order to 
improve models (Cordão Neto et al., 2009). These 
are: an addition yield surface, called Subloading 
yield surface (SL) (Figure 4); and the plastic void 
ratio for over-consolidated states, which is the new 
variable (Figure 5).
As a result the new model has two yield surfaces 
(Figure 4) both having the same shape with SL 
being always smaller than NS, or at least coinci-
dent with NS, which implies that in this point the 
soil becomes normally consolidated.

In subloading models the stress-strain constitu-
tive matrix is always evaluated on the SL yield sur-
face, which for BBM is expressed as follows:

f q MSL
m
SL

s−q2 2M ( )p pm
SL − p ( )p ps+p  (12)

where pm
SL is the stress variable adopted to define 

the size of the subloading yield surface; M is the 

Figure 3. Highlights into constitutive modelling for 
unsaturated soils (Cordão Neto, 2011).

Figure 4. Normal and subloading yield surfaces 
(Cordão Net et al., 2009).

Figure 5. Representation of the plastic void ratio 
(Cordão Net et al., 2009).
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slope of the critical state line, p is the net mean 
stress; q is the deviatoric stress (i.e., q = σ1–σ3); and 
ps considers the dependence of shear stress on suc-
tion (Alonso et al., 1990).

The new variable, called plastic void ratio (ρ) 
(Figure 5), is the distance between the current state 
and a hypothetical state over the normal compres-
sion line at the same stress level. Then, the plastic 
void ratio variable is a measure of the degree of 
over-consolidation of the soil (Cordão Neto et al., 
2009).

A Subloading model needs the definition of an 
additional hardening law, which considers both: 
the plastic volumetric strains associated with the 
normal yield surface (i.e. d v

pεv
pp); and the plastic volu-

metric strains associated with the SL yield surface. 
This new law can be expressed as (Cordão Neto 
et al., 2009):

dp
p

m
SL m

SL
= ( )d dv

p
v
p( )e+

( )
SLS NSNN

λ κ−( )
dv v

pp

 
(13)

5.2 Extension of subloading concepts 
to the unsaturated condition

Cordão Neto et al. (2009) considered ρ as a func-
tion of suction (s), differently from Pedroso (2006) 
which assumed it independent of suction.

BBM was the model chosen as the reference 
framework. BBM assumes that the slope of the 
normally consolidated line ‘λ(s)’ depends on suc-
tion (Figure 6). This implies that the plastic void 
ratio is no longer the distance between points F-G, 
but the distance between E-H (Figure 6).

Therefore, the plastic void ratio should be 
expressed as:

ρ ρ( )ρρ ( ) lnρ( p
p

o

rρ(ρρρ(ρρ [ ]λ λ( )λλ ( )λλ(λλ)) +)) [λλλλλλ
 

(14)

where po corresponds to the current stress 
state and pr is the mean net stress such that: 
e e  = e eA Be C De−e = ee .  This variable has been defined 
in a similar way as pc in Alonso et al. (1990). Note 
that the definition of λ(s) does not require the 
addition of a new model parameter; as the depend-
ence of ρ on suction is accounted by λ(s) (which is 
in turn defined according to Alonso et al., 1990).
The mechanical constitutive relation for stress-
strain-suction in unsaturated soils is expressed as:

d D d
g

H dsddij ij
e
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jHεdσ εD dij ijDe
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(15)

where DijDe is the elastic stress-strain matrix; d jε j  is the 
increment of the total strain; and Hj is the vector 
that relates elastic strains with suction changes.

It is assumed that once yield occurs (i.e. f SL = 0), 
the stresses must remain on the yield surface dur-
ing plastic deformation. This constraint is enforced 
by the consistency condition as follows:

df
f

d
f

d
f

s
dsSL

SL

i
i

SL

p
p

SL
=

∂ff
∂

+
∂ff
∂

+
∂ff

∂
=

σ i
σ i ε pp ε pp 0

 
(16)

From equations above the plastic multiplier can 
be expressed as:

Λ = +
( )−∂

∂
f∂

kl k k

SL

i
D dkl

A B−

ds

A B−
σ i

εk

 
(17)
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and,
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i
i

=
∂ff
∂

∂
∂

+
⎛
⎝⎜⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠εv

pp σ i
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(19)

where m mi = [ , , , , , ]1 1 1, , 0 0 0, ,,

6 CONCLUSIONS

This paper presented the Updated Lagrangian 
Method to describe Large Deformations and a 
literature review of constitutive modelling for 
unsaturated soil, emphasising BBM-Subloading 
model proposed by (Cordão Neto et al., 2009).

Updated Lagrangian Method is a good first 
attempt to describe large deformations, by the fact 
that it is easily implemented in Conventional Finite 

Figure 6. Effect of suction on plastic void ratio. 
(Cordão Net et al., 2009).
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Element Methods and it produces good results. 
However, care should be made when dealing with 
very large deformations, as the mentioned method 
can generate negative Jacobian as a result, making 
the solution of the problem unpractical.

Cordão Neto et al. (2009) highlighted that the 
incorporation of subloading concepts in the for-
mulation of the BBM allows a smooth transi-
tion between over-consolidated and normally 
consolidated states, which is close to the actual 
behaviour observed in over-consolidated unsatu-
rated samples. Moreover, models formulated in 
the context of subloading theory have additional 
advantages, such as: they are able of reproducing 
irreversible strains during re-loading and they are 
able of describing the strain hardening behaviour 
with positive dilatancy (very typical behaviour of 
unsaturated soils) and cyclic loads. The proposed 
new subloading model therefore has significant 
additional capability, requiring only one extra 
parameter with respect to a conventional unsatu-
rated elasto-plastic model, such as BBM.

Although it is relevant in some cases, very few 
authors attempt to analyse problems considering 
the unsaturated condition of the soil and large 
deformations. Slope stability analyses are great 
examples of problems that need to be examined 
using the theory described in this paper.
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ABSTRACT: This paper focus on predicting of temperature and suction response to climatic changes 
in a soil profile during a long term period by considering the soil atmosphere interface interactions, with 
emphasis on evaporation. A one-dimensional model is used to calculate the evaporation rate and heat flux 
on the soil surface; water (liquid and vapor) transport equations coupled to heat flow equation are solved 
to determine the soil profiles. The investigated site, in France, has been instrumented with a meteorologi-
cal station in order to monitor solar radiation, precipitation, wind speed, air temperature, and air relative 
humidity. A water deficit is observed in most of time throughout the instrumented years. The results show 
that the active zone is about 1.5 m deep in the investigated region and the actual monitored meteorologi-
cal data, and would fluctuate 3 m by using the average data. Calculated and direct measurements were 
compared and satisfactory results were obtained.

radiation, precipitation, wind speed, air tempera-
ture, and air relative humidity for 42 years from 
1964 to 2005. A water deficit is observed in most of 
time throughout the instrumented years. It seems 
that there was a seasonal trend in meteorological 
changes. Therefore, in this study, it is investigated 
the years of 2004 and 2005 that correspond to 
drier conditions where the recharge of the water 
table did not take place.

To overcome the limitations of some unknown 
input data (model parameters and initial condi-
tions), earlier papers (Bicalho & Cui 2009; Bicalho 
et al. 2011) have already evaluated the sensitivity 
of predicted temperature changes in the region due 
to ground-atmospheric interactions to the varia-
tions of some not measured parameters, such us 
soil albedo and saturated hydraulic conductivity, 
and the initial soil temperature profile which may 
change during the day. This paper is a continuation 
of the earlier papers, and for providing continuity, 
the previous papers are briefly summarized here.

2 SOIL-ATMOSPHERE INTERFACE 
MODEL

The model computes the evaporation rate from 
soil by solving a coupled water (liquid and vapor) 
transport equations (Darcy’s law and Fick’s law), 
heat flow equation (de Vries 1963) analysis, and the 
surface energy balance used for defining a reliable 

1 INTRODUCTION

Adequate measurements of soil variables and 
atmospheric fluxes are often not available to study 
the various stages of the soil atmosphere interface 
interactions. This paper focus on predicting of in 
situ soil suction and temperature response to cli-
matic changes during a long term period by using 
a soil-atmosphere interface model based on the 
meteorological data obtained in the field.

A one dimensional explicit finite difference pro-
gram developed by Gao (2006) is used to identify 
the importance of various interactions related to 
surface evaporation.The program models the cou-
pled water flow and heat flow in unsaturated soil 
and uses an energy estimation method for deter-
mining the evaporation rate of water from a wet 
soil (Xu & Qiu 1997). The model was validated 
with several data sets and able to satisfactorily 
predict soil profiles for non-cohesive and cohesive 
soils by Cui et al. (2005, 2010).

In this paper, the effects of the thermal con-
ductivity of solid on the predict data is discussed. 
The influence of climatic effects on the soil tem-
perature and suction (or water content) changes 
by using the actual monitored meteorological 
and the average meteorological data is also evalu-
ated. The investigated site, in Mormoiron, located 
between the Mont Ventoux and the Vaucluse 
plateau, France, has been instrumented with a 
meteorological station in order to monitor solar 
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boundary setting method for extended periods of 
evaporation simultaneously.

2.1 Soil heat and mass flow models

Similar one-dimensional model was also used by 
Wilson et al. (1994); Cui et al. (2005, 2010), and 
Bicalho et al. (2011) to describe the heat and 
groundwater flow in unsaturated porous media. In 
this model, the transient equation of liquid water 
and water vapor is:

∂ ∂
∂ ∂

( )∂∂ ( ( )∂∂ ) ( )
t

C
z

k
∂∂

D
P
z∂

w
w w(CC kk w

v(DD v

∂
=

∂
∂

∂ ∂

 
(1)

where t (s) is the time, z (m) the elevation, hw(m) 
the total hydraulic head (the sum of capillary head 
and elevation head z), Pv (kPa) the vapor pressure, 
Cw (m) and Cv (m4 kg−1) the modulus of volume 
change with respect to liquid phase and vapor 
phase respectively, Dv (kg m kN−1 s−1) the diffusion 
coefficient of water vapor through soil, Pv may 
be related to the hw by Kelvin’s equation, kw is the 
water hydraulic conductivity depending on capil-
lary head.

The calculation of the vapor pressure Pv in 
Equation 1 depends on the saturated vapor pres-
sure Pvs and the soil temperature T (°C). Hence, 
the temperature profile of the soil must be deter-
mined simultaneously. The heat flow due to both 
conductivity and latent heat diffusion is (Wilson 
et al. 1994):
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(2)

where Ch(J m−3 °C−1) is the volumetric specific heat 
capacity, representing the thermal storage capacity 
of the volume element considered, λ (J s−1 m−1 °C−1) 
is the thermal conductivity of soil, Lv (J kg−1) is 
the latent heat coefficient of vaporization of water 
(4.186 × 103(607−0.7T)).

2.2 Soil-atmosphere interface boundary condition

The energy balance equation expressing the net 
radiation flux, Rn (Wm−2), for the surface is (Blight 
1997):

R LE H GnRR = +LE +  (3)

where LE (Wm−2) is the latent energy transfer (pos-
itive for evaporation and negative for condensa-
tion), H (Wm−2) is the sensitive heat flux for the air 
(positive when energy is used to warm the air and 
negative when the air loses energy due to cooling), 
and G (Wm−2) is the ground heat transfer (posi-
tive when energy is transferred to the subsurface 

and negative when energy is transferred to the 
atmosphere).

The energy estimation method proposed by 
Xu & Qiu (1997) is used for determining the 
evaporation rate of water from a wet soil. In this 
approach, H and LE are calculated from the tur-
bulent exchange equations by:

H
C ( T )

r
a pC a a( TT

=
−ρa TsTT

arr  
(4)

LE
L M

RTrTT
w vMM z vza

arr
= VLL ( )p pvp vza0

 
(5)

where ρa is the air density, Cpa is the specific heat of 
air equal to 1.013 × 103 J/(kg.K), Ts is the soil sur-
face temperature, Ta is the air temperature at refer-
ence height Za, T is the average temperature and 
T≈(Ta+Ts)/2, pvz0 is the vapor pressure at the soil 
surface, pvza is vapor pressures of in the air at refer-
ence height Za, ra is the aerodynamic resistances for 
the sensible and latent heat fluxes, Lv is the latent 
heat of vaporization, Mw is the molecular mass of 
water equal to 0.018 kg/mol, R is the gas constant 
equal to 8.314 J/(mol.K). These equations take 
into account both the soil-atmosphere resistance 
(ra), depending on the wind velocity (ua), the soil-
atmosphere temperature (Ts-Ta) or vapor pressure 
(pvz0-pvza) gradients. G is calculated from the energy 
balance. Aerodynamic resistances ra is calculate as:

r ra ar rr r
( )Ri+ Ri ( )T Ts aTTTTT

0
1

η

 

(6)

where η = 0.75 in unstable condition (Ts > Ta), and 
η = 2 in stable condition (Ts < Ta), Ri is the Richard-
son Number and ra0 is the aerodynamic resistances 
derived from a logarithmic wind profile:
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(7)

where z0 is the roughness length parameters for 
momentum (wind) and sensible heat transport, Za 
is the measurement height for wind speed ua and 
relative humidity d is the displacement height, and 
d = 0 for bare soil, k is a constant equal to 0.41. 
Details of the used method are discussed in Cui 
et al. (2005, 2010).

2.3 Soil constitutive functions

To solve the governing equations the suction-
volumetric water content and suction-unsaturated 
hydraulic conductivity relationships must be 
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known. The relationships are (Juarez-Badillo 
1992):
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where θws is the saturated volumetric water content, 
θr is the residual volumetric water content, θw1 is the 
value of water content corresponding to suction s1, 
and ς is the parameter that controls the shape of 
the s-θw curve, ks is the water permeability at s = 0, 
and kw1 is the hydraulic conductivity correspond-
ing to suction s1.

The thermal conductivity of soil, λ, is (de Vries 
1963):

λ λ θ λ θ λ
θ θ

λ λ λ

=
+θ λ

+θ
+λ − −

f fθ λ + f
f fθ f

s sff θθ s wffλ + w wθ λθθ λθ a aθθff aλ

s sff θθ w wθθθff a aθff
a dλ λλ λ rydd air wλ+ ater vaporoo  

(9a)

The thermal conductivity of solid, λs, is 
(Johansen 1975):

λ λ λs qλ λλ λ( )λλ q ( )q
0λ

 
(9b)

where q is the quartz volume fraction, for q = 0, 
λs = 2.0 W/mK and q = 100%, λs = 7.7 W/mK, the 
thermal conductivity of water λw (0.57 W/m °C), 
λdry-air (0.025 W/m °C), λwater-vapor (0.608 θw), fs, fw and 
fa are the weight coefficient for solid, water and air 
respectively and fw = 1.0,
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where gi are called shape factors (g1 + g2 + g3 = 1) 
(Gao 2006):

For θw > 0.121,

g g w1 2g gg
0 333 0 105
0 236 0 121

121 105=g2g
−
−

121. .333 0
. .236 0

( .w 0− 0 ) .0+w

For θw < 0.121,

g g w1 2g gg
0 105 0 015

0 121
0=g2g

−
+

. .105 0
.

. )015θw

3 NUMERICAL SIMULATIONS

The soil heat and mass flow equations were solved 
using the explicit finite difference method (Gao 
2006). It is assumed that the soil skeleton is rigid. 
For the investigated clay soil, the specific gravity is 
2.72, the liquid limit ranges from 52% to 60%, the 
plastic limit ranges from 23 to 28%; and activity 
from 0.4 to 1.16. The input data are θws = 0.49–0.4, 
θr = 0.08, θw1 = 0.24, s1 = 700–200 kPa, and ς = 1.1, 
ksat = 1.2 × 10−11–2.4 × 10−10 m/s) and kw1 = 1.2 × 10−14 
m/s, s1 = 40 kPa, ς" = 1.25. The thermal coefficients 
Cw (4.15 × 106 J/m3 oC), Cs (2.24 × 106 J/m3 oC), and 
q = 50% and λs = 3.92 W/mK. Since the actual 
value of the thermal conductivity of solid, λs is not 
known, it is investigated in this paper the sensitiv-
ity of predicted volumetric water content (or pore-
water pressure) and temperature profiles to the λs 
changes.

The investigated site in Mormoiron, France, 
has been instrumented with a meteorological sta-
tion in order to monitor solar radiation, energy, 
precipitation, runoff, wind speed, air temperature, 
and air humidity for 42 years from 1964 to 2005. 
Examination of the atmospheric water balance at 
the site has shown that evapotranspiration often 
exceeds precipitation during the instrumented 
years. The annual average daily continuous pre-
cipitation measurements range from about 1 mm/
day to 2.75 mm/day. The highest annual average 
precipitation rate (2.75 mm/day) was recorded in 
2002. The annual average values do not change 
much from 1964 to 1999.

Even though, a detailed atmospheric water bal-
ance for each year shows a variable water deficit 
throughout the year. It seems that there was a 
seasonal trend in meteorological changes dur-
ing this time period. Therefore, in this study, it is 
investigated the years of 2004 and 2005 that cor-
respond to drier conditions where the recharge of 
the water table did not take place. A water deficit 
is observed in most of time throughout the studied 
years except for a brief  period in December 2003, 
October 2004, April and October 2005.

The climatic data recorded at the Mormoiron 
site from December 2003 to December 2005 
(i.e., solar radiation (0.05 to 0.35 kW.m−2), energy, 
precipitation, runoff, wind speed (2 to 14 m/s), 
air temperature (0 to 25 °C), and air humid-
ity) were used to set the soil-atmosphere inter-
face boundary condition. It is observed that 
the air temperature changes correlate well with 
solar radiation. The air relative humidity varies 
between 30 and 100%, but it does not necessary 
follow the precipitation pattern. The air relative 
humidity depends not only on precipitation, but 
also on air temperature and wind speed (Cui & 
Zornberg 2008).
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The analyses performed employed the same 
values of the depth of the analysis (ZMAX = 5.25 m), 
the constant spacing (Δz = 0.005–0.05 m), the time 
step (Δt = 0.5 s), the runtime, TMAX (s), bottom 
volumetric water content boundary (θb = 0.30), 
bottom temperature boundary (Tb = 14°C), and 
initial volumetric water content profile. Numerical 
analyses were made in one dimensional idealized 
case where the actual land soil cover is replaced by 
two layers homogeneous soil column.

To overcome the limitations of some unknown 
input data (model parameters and initial condi-
tions), Bicalho et al. (2011) have already evaluated 
the sensitivity of predicted temperature changes in 
the region due to ground-atmospheric interactions 
to the variations of the not measured parameters, 
such us soil albedo and saturated hydraulic con-
ductivity, and the initial soil temperature profile 
(ITP) which may change during the day.

Bicalho et al. (2011) investigated the sensitivity 
of predicted volumetric water content (or pore-
water pressure) and temperature profiles to the 
variation of 5°C in the ITP. The dependence of 
the soil temperature on the soil water retention 
curve was not considered in the numerical simula-
tions. It was observed that the value of the ITP can 
affect the temperature profiles and the influence of 
the considered changes (i.e., 5°C) on the suction 
(or volumetric water content) profiles is very small. 
The volumetric water content and pore water pres-
sures at depth > 1.5 m are almost constant. The 
influence is more accentuated for the near surface 
layers, where more extreme variations in tempera-
ture occur. The results show that the temperatures 
increase with the depth during the cold season 
(January to March 2004) and decrease with the 
depth during the warm season (April to July 2004). 
Bicalho et al. (2011) observed the insensitivity of 
the simulations using different saturated hydraulic 
conductivities (case B—ksat = 1.2 × 10−11–2.4 × 10−10 
m/s; case B4 - ksat = 1.2 × 10−9−2.4 × 10−8 m/s). The 
years of 2004 and 2005 correspond to drier condi-
tions (high suction values) and changes of ksat of  
this magnitude have not significant effect on the 
considered suction-unsaturated hydraulic conduc-
tivity relationship.

In order to investigate the effects of the thermal 
conductivity of solid, λs, two different values are used 
in the numerical simulations, i.e., λs = 3.92 W/mK 
(case B) and λs = 2.00 W/mK (case B9). The numeri-
cal simulations of volumetric water content profiles 
using different values of λs suggest that the dif-
ferences between Cases B and B9 are very small 
for the investigated region and meteorological data. 
The sensitivity of predicted temperature changes to 
the variations of λs is presented in Figure 1.

The effects of the thickness of the upper layer 
(Z) in the two layers homogeneous soil column were 

investigated by Bicalho et al. (2011). The numerical 
simulations of volumetric water content profiles 
using different thicknesses of the upper layer, i.e., 
Z1 = 3.45 m and Z2 = 0.5 m, suggest that the differ-
ences between the two cases are very small.

The changes in soil profiles during a given period 
depend on the ratio of reflected to incident solar 
radiation (i.e., the soil albedo value). It is a function 
of several surface parameters including soil color, 
water content, roughness and vegetation cover, 
usually being lower for wet and rough conditions. 
The albedo value ranges from 0 to 1. The value 
of 0 refers to a blackbody, a theoretical media that 
absorbs 100% of the incident radiation. Albedo 
ranging from 0.1–0.2 refers to dark-colored, rough 
soil surfaces, while the values around 0.4–0.5 repre-
sent smooth, light-colored soil surfaces. The value 
of 1 refers to an ideal reflector surface (an absolute 
white surface) in which all the energy falling on the 
surface is reflected. The sensitivity of predicted 
temperature changes to the variations of the soil 
albedo is investigated in Figure 2, where case B (soil 

Figure 1. Influence of λs on the soil temperature 
profiles.

Figure 2. Influence of the soil albedo values on the tem-
perature profiles (2005).
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albedo = 0.15) and case C (soil albedo = 0.05). The 
insensitivity of the results (Cases B and C) during 
the cold season (January to March 2005) is shown 
in Figure 2. Small changes in the soil temperature 
values (increase) due to the variation (decrease) of 
the soil albedo (case C) are observed during the 
warm season (April to August).

The results of the simulations indicate that the 
active zone is generally about 1.5 m deep in the 
investigated region. For investigating it, the results 
of the simulations using the actual (measured) 
climatic input data (case B) and the mean month 
input data (case G) are present in Figures 3, 4, 5 
and 6. The results show that the use of mean cli-
matic data (dashed lines, case G) increases the 
soil temperature and the soil suction values, and 
the active zone about 3.0 m. However, more data 
should be investigated before anything very defi-
nite can be said about it.

Figure 7 presents the comparison of predicted 
and measured changes in soil temperature at three 
different depths (0.5 m, 1.5 m, and 2.5 m) during 
2005 in Mormoiron, France. The results suggest 
that in the near the surface layers the simulations 
were less satisfactory due to probably vegetation 
effects or other mechanical phenomena (i.e., soil 
cracking). A sensitivity analysis of temperature 
and water content profiles to the changes to the 
variations of other unknown parameters (i.e., soil 
water content that depend on the soil temperature) 
should also be investigated. Cui et al. (2005) pro-
posed to consider the superficial zone independ-
ently, using different values of the soil parameters.

Figure 3. Influence of climatic data on the soil tem-
perature profiles during cold season (months 01, 02 and 
03, 2004).

Figure 4. Influence of climatic data on the soil tempera-
ture profiles during warm (months 04, 05, 06, 07, 2004).

Figure 5. Influence of climatic input data on the volu-
metric soil water content profiles (2004).

Figure 6. Influence of climatic input data on the soil 
suction profiles (2004).
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4 CONCLUSIONS

A preliminary sensitivity analysis was performed 
first by the authors to investigate and identify 
important factors in the model with many param-
eters. It was observed that the value of the ITP can 
affect the temperature profiles and the influence of 
the considered changes (i.e., 5°C) on the suction 
(or volumetric water content) profiles is very small. 
In contrast to soil moisture heat enters and leaves 
the soil surface easier and faster. The numerical 
analyses also reveal the insensitivity of water con-
tent (or suction) and temperature changes to the 
variations of the saturated hydraulic conductiv-
ity ksat. The investigated years correspond to drier 
conditions (high suction values) and changes of ksat 
of  this magnitude (i.e., 100 times) have not signifi-
cant effect on the considered suction-unsaturated 
hydraulic conductivity relationship. For the inves-
tigated soils, the changes in the thickness of the 
upper layer in the two layers homogeneous soil 
column may only slight affect the soil temperature 
and water content profiles. During the cold season, 
precise albedo values are not very important nor 
very sensitive in influencing the water balance.

This paper shows that the active zone is gener-
ally about 1.5 m deep for the investigated region 
and measured meteorological data. The results 
also suggest that the active zone may change about 
3 m by using the average meteorological data. The 
comparison of predicted and measured changes in 
temperature profiles suggest that in near the sur-
face layers the simulations are less satisfactory due 
to probably vegetation effects or other mechanical 
phenomena (i.e., soil cracking).
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Numerical analysis of effect of rainfall infiltration on unsaturated soil
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ABSTRACT: This paper presents an application for analysis of unsaturated layered soil-structures 
(embankment or levee) subjected to rainfall infiltration and seepage flow. A three-phase coupled 
infiltration-deformation method for unsaturated soil, which is based on the fundamental concept of the 
theory of porous media, is used for the numerical analyses. The effects of the water permeability on the 
distribution of seepage flow velocities and generation of deformations were investigated for an unsatu-
rated layered embankment. The results illustrated that the generation of deformation on the embank-
ment surface highly depends on the water permeability of the soil. This seepage-deformation coupled 
method can be useful and advantageous to analyze the behavior and response of many complex engineer-
ing problems for soil-structures, which involves different geometries, boundary conditions, and non-linear 
variables.

infiltration and seepage flow from the mountain 
side. In the simulation, a rainfall record composed 
of a non-uniform intensity which induces the vari-
ation of the water level inside of a river embank-
ment is used for the analyses.

The numerical analyses are carried out using a 
seepage-deformation coupled method for unsatu-
rated soil (Oka et al., 2009). The analyses pre-
sented here are based on Biot’s theory (Biot 1962) 
extended by the theory of porous media (Bowen 
1976). Common constitutive and hydraulic param-
eters that represent the soils are employed in the 
simulations. The mechanism of the seepage flow 
direction and strain localization on the slope 
surface are discussed mainly with respect to the 
water permeability of the soil. From the numerical 
results, it was observed that the deformation of the 
embankment significantly depends on the water 
permeability of the soil and it is localized on the 
slope surface at the river side; the larger the water 
permeability of the soil, the larger the velocity of 
the seepage flow, and the larger the deformation on 
the surface of the river embankment.

2 MULTIPHASE ANALYSIS METHOD

2.1 Governing equations

Terzaghi (1943) defined the concept of a stress ten-
sor for water-saturated materials. In the case of 
unsaturated soils, however, the concept needs to be 
redefined in order to consider compressible mate-
rials. In the present formulation, skeleton stress 
σ′ij is defined and then used for the stress variable 
in the constitutive relation for the soil skeleton. 

1 INTRODUCTION

1.1 Brief review

One of the main reasons why landslides are induced 
is due to the seepage flow caused by the increase of 
water levels inside the soil structures after a rainfall 
event. They often occur on initially stable slopes 
that consist of different types of soil.

Some researchers have studied the seepage-in-
duce slope failure problem during and after rain-
fall from the experimental point of view (Orense 
et al., 2004, Tofani et al., 2006). Although, experi-
mental studies allow the direct measurement of 
the variables involved in the infiltration process, 
which can be related to the decrease of the shear 
strength of the soil and slope failure; experimen-
tal tests have the disadvantage of being costly and 
time consuming.

Recently, to overcome these problems, numerical 
solutions have been used to analyze both, saturated 
and unsaturated soil (Alonso et al., 2003, Ehlers 
et al., 2004). Numerical analyses for soil structures 
are inexpensive and they permit to include com-
plicated initial and boundary conditions, multilay-
ered soils, non-uniform rainfall intensities, complex 
geometries of many engineering problems, and 
parametric studies, whereas experimental studies 
are difficult to implement.

In this paper, a numerical study to show the effect 
of the rainfall infiltration and the seepage flow on 
the deformation of unsaturated slopes is carried 
out. To do that, two-dimensional numerical analy-
ses are performed for a layered embankment. The 
case corresponds to a three layered embankment 
which is subjected to both, the effect of rainfall 
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Total stress tensor σij is obtained as the sum of the 
partial stresses, namely,

σ σασσ ijσσ ijσ∑  
(1)

σ σ δijσσ Sσσ ijσ S
F iδδ jiδn uS′σσ −

 
(2)

σ δijσσW wσσ W iδδ jiδ
 

(3)

σ δijσσG Gσσ G iδδ jiδ
 

(4)

where uW and uG are the pore water pressure and 
the pore air pressure, respectively, n is the porosity, 
nα is the volume fraction of phase α (α = S: Solid, 
W: Water, G: Air), and uF is the average pore pres-
sure calculated according to saturation s as follows:

u uF Wsu G= +susu ( )s  (5)

From Equations (1) to (5) we have,

′ = +σ σ′′ = δijσσ ijσ F iδδ jiδu
 

(6)

The skeleton stress is used as the basic stress 
variable in the model for unsaturated soils.

The conservation of mass is given by the follow-
ing equation:

D
Dt

vi i
α

αvαρn( )nα
αρα + =vi i

α
αvvαρnα

, 0
 

(7)

in which D/Dt denotes the material time derivative, 
ρα is the material density and vi

α is the velocity of 
each phase, the conservation laws for water and 
air phases are expressed as functions of s and n, 
that is

sD sn ViiD i iVVW+ =sn −� ,  
(8)

( )1 ( )1 − = −D) sn n) ViiD G

G
i iVV G�ρGG

ρGG
,

 
(9)

where Dii is the volumetric stretching and Vi
α is 

the apparent velocity of phase α. The rate type of 
equilibrium equation is expressed as follows:

S dVjiS j
V

,∫ = 0
 

(10)

in which Sij is the deviatoric stress tensor. The 
above incremental equilibrium equation is used 
for the Updated Lagrangian formulation of the 
boundary value problem.

The relation between saturation and suction is 
given by the equation proposed by van Genuchten 
(1980).

s s
n m

= +s ( )s s + ( )PC⎡
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′ −

min + (s 1 PP
 

(11)

in which α, n′ and m are fitting parameters that 
describe the shape of the soil water characteristic 
curve, and the relation m = 1–1/n′ is assumed, smax 
and smin are the maximum and the minimum limit-
ing values of saturation, respectively.

The effects of the degree of saturation on per-
meability for water and air are assumed as:

k k sW
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(13)

where a and b are material parameters, ks
W is the 

coefficient of permeability for water under satu-
rated conditions and ks

G is the coefficient of per-
meability for air under fully dry conditions.

An elasto-viscoplastic model based on the over-
stress-type of viscoplastic theory with soil structure 
degradation for saturated soil has been extended to 
unsaturated soil using the skeleton stress and the 
suction effect in the constitutive model (Oka et al., 
2006). In this model it is assumed that there is an 
overconsolidation boundary that delineates the 
normally consolidated (NC) region, fb ≥ 0, and the 
overconsolidated region (OC), fb < 0, it is described 
as follows:

f Mb mf Mf M ( )m mb′ ′ =MmM ( m′′ m′′( )
* *M l 0

 
(14)
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where, σ′m is the mean skeleton stress, Mm
* is the 

value of η* when the volumetric strain increment 
changes from contraction to dilation. σ′mb is the 
strain-hardening–softening parameter that con-
trols the size of the boundary surface. The suction 
effect on the unsaturated soil is incorporated as:
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where εkk
vp is the viscoplastic volumetric strain, 

λ and κ are the compression and the swelling 
indexes, respectively, and e0 is the initial void ratio. 
Pi

C is the initial suction value, PC is the present suc-
tion value, SI is the material parameter that denotes 
the strength increment when suction is Pi

C. Sd is 
the parameter which controls the rate of increas-
ing or decreasing strength. σ′ma is a strain-softening 
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parameter used to describe the degradation of the 
material caused by structural changes.

The static yield function is given by:

f My mf Mf M ( )m mym′ ′ =MmM ( m′′ m′′
* *M Sl 0

 
(17)

More details about the seepage-deformation 
coupled FE formulation can be found in Garcia 
et al. (2010).

3 NUMERICAL ANALYSES

3.1 Methodology

The numerical analyses have been carried out using 
the seepage-deformation coupled formulation 
presented in the previous section. Visual FOR-
TRAN was used a compiler to run the simulations. 
Geometry, boundary conditions that represent 
the soil structure; and constitutive and hydraulic 
parameters that represent the main soil of a lay-
ered embankment are described in the following 
section and used in the simulations. Finally, the 
mechanisms of the soil deformation and strain 
localization at the river side of the embankment 
are discussed mainly with respect to the saturated 
water permeability of the soil.

3.2 Layered embankment

The cross section and the boundary conditions 
for the numerical analysis of rainfall infiltration 
and seepage flow through an unsaturated river 
embankment are shown in Figure 1. The top sur-
face of the river embankment has and inclination 
of 1°. The slopes of the embankment have gra-
dients of 1V:1H at the upper part and 1V:3H at 
the middle of the embankment, respectively. For 
displacement, the embankment is fixed at the bot-
tom in both horizontal and vertical directions; 
the lateral boundaries are fixed only in horizontal 
direction. The initial negative pore water pressure 
distribution (suction) in the top sandy-soil is con-
sidered to be linear. The initial water level in the 
soil is assumed to be located at 21.2 m at the river 
side and at 24.3 m at the mountain side and its 

inclination is about 1.5°. The flux of air is allowed 
for the entire boundaries and the initial air pres-
sure, is assumed to be zero.

The embankment is composed of three materi-
als, but only the upper layer (sandy gravel) is unsatu-
rated and subjected to the changes in suction due 
to the rainfall infiltration. The sandy gravel layer is 
about 3.0 m in height and it overlies on a clay layer; 
the bottom of the embankment corresponds to a 
thick sandy layer. The material parameters that 
compose the upper layer of the embankment are 
listed in Table 1. The soil parameters for the clay 
and sand layers are irrelevant because these layers 
are below the water table, i.e. saturated soil.

In order to study the effect of the rainfall infil-
tration and seepage flow into the unsaturated lay-
ered embankment, a rainfall record of 170 hours 
is used for the numerical analysis. Figure 2 shows 
the intensity distribution of the rainfall. The maxi-
mum hourly rainfall corresponds to 14 mm and 
total precipitation is 106 mm. This rainfall pat-
tern is applied through the numerical analysis on 
top and slope of the layered embankment, which 
reduces the suction levels inside the soil-structure. 
The initial degree of saturation for the sandy gravel 
is set to be 60%.

3.3 Analyzed cases

To investigate the effect of the water permeability 
on the development of deformation in an unsatu-
rated layered embankment, when it is subjected to 

Figure 1. Cross section of the embankment used for the 
analysis.

Table 1. Material parameters for the soil.

Material parameter
Sandy 
gravel

Viscoplastic parameter m′ 40.0
Viscoplastic parameter (1/s) C1 1.0 × 10−15

Viscoplastic parameter (1/s) C2 2.0 × 10−15

State ratio at critical state Mm 1.27
Compression index λ 0.0804
Swelling index κ 0.0090
Elastic shear modulus (kPa) G0 3000
Initial void ratio e0 0.344
Structural parameter β 5.0
Structural parameter σ′maf/σ′mai 0.60
Vertical water permeability 

(m/s)
kW

sv ****

Gas permeability (m/s) kG
s 1.0 × 10−13

Van Genuchten parameter 
(1/kPa)

α 0.10

Van Genuchten parameter n′ 4.0
Suction parameter SI 0.20
Suction parameter Sd 0.20
Maximum saturation smax 0.97

**** The permeability depends on the case.
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rainfall infiltration, different cases are analyzed. 
The analysis cases consist of different combinations 
of water permeabilities for the upper sandy-gravel 
layer and the slope surface. The cases are divided 
as: Cases 1–4; the saturated permeability for the 
sandy-gravel layer is increased, i.e. kW

sv = 1.0 × 10−6, 
3.0 × 10−6, 6.0 × 10−6, and 1.0 × 10−5 m/s, respec-
tively, while the permeability of the slope surface is 
considered the same, i.e. kW

sv = 1.0 × 10−7 m/s.

3.4 Numerical results

Cases 1–4 have been analyzed assuming that the 
slope surface of the layered embankment has 
smaller permeability than the layered soils. This 
difference among the permeabilities may be attrib-
uted either to a better compaction during the 
construction process of the slope or to a cover-
ing of the slope surface (e.g., concrete, vegetation, 
improved material, etc.). A detail of the mesh close 
to the slope of the embankment at the river side is 
shown in Figure 3. The mesh is finer close to the 
surface where larger gradients and deformations 
due to the rainfall infiltration are expected.

The magnitudes of water velocity vectors for 
cases 1–4, after 151 hours rainfall, are shown in 
Figures 4–7. These figures show that the velocity 
of the water flow increases when the permeability 
increases and it is more intense at the bottom of 
the slope surface. It is observed that the water flow 
tends to be more horizontal when water perme-
abilities become larger.

Similarly, Figures 8–11 present the distribution 
of the accumulated viscoplastic shear strain for the 
same cases at the time t = 151 h. These figures show 
that the accumulation of viscoplastic shear strain 
is localized along the slope surface and it grows 
when the water permeability increases. In Case 4 
a large amount of accumulated viscoplastic strain 
(up to 49%) is generated.

Figure 12 shows the comparison of the accumu-
lated shear strain-time histories for elements 55, 60 
and 104 between times t = 140 and t = 168 hours. 
The location of the elements in the finite element 

mesh is shown in Figure 3, which corresponds to 
the bottom, middle, and middle-top of the slope 
at the back of the concrete face, respectively. It can 
be seen from this figure that the viscoplastic shear 
strain starts to accumulate in the elements 60 and 

Figure 2. Rainfall record used for the numerical 
analysis. Figure 3. Finite element mesh at the slope of the 

embankment.

Figure 4. Water flow vectors for Case 1: 
kW

sv = 1.0 × 10−6 m/s.

Figure 5. Water flow vectors for Case 2: 
kW

sv = 3.0 × 10−6 m/s.

Figure 6. Water flow vectors for Case 3: 
kW

sv = 6.0 × 10−6 m/s.
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55 at time t = 145 h. Later at time t = 147 h, it is 
possible to see that the viscoplastic shear strain 
appears at the middle-top of the embankment 
(Element 104). This sequence in the development 
of the viscoplastic strain shows that the localiza-
tion of deformation stared at the middle-high of 
the slope and rapidly propagates toward the crest 
of the slope.

3.5 Discussion of the results

Comparison of the previous figures shows that the 
larger the water permeability of the sandy-gravel 
layer, the larger the velocity of the seepage flow, 
and the larger the accumulation of deformation 
localized on the middle of the layered embank-
ment. Orense et al. (2004) performed an experi-
mental study on rainfall infiltration and seepage 
flow on small-scale unsaturated model slopes and 
reported a similar result that when the water table 
approaches to the slope surface, a highly unstable 
zone developed in that area and slope failure may 
be induced.

In the case of the simulations, the water accu-
mulated inside the embankment resulted in the 

Figure 7. Water flow vectors for Case 4: 
kW

sv = 1.0 × 10−5 m/s.

Figure 8. Accumulation of viscoplastic shear strain for 
Case 1: kW

sv = 1.0 × 10−6 m/s.

Figure 9. Accumulation of viscoplastic shear strain for 
Case 2: kW

sv = 3.0 × 10−6 m/s.

Figure 10. Accumulation of viscoplastic shear strain 
for Case 3: kW

sv = 6.0 × 10−6 m/s.

Figure 11. Accumulation of viscoplastic shear strain 
for Case 4: kW

sv = 1.0 × 10−5 m/s.

Figure 12. Time history of viscoplastic shear strain for 
elements 55, 69 and 104 (Case 4).
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increase of deformation of the soil on the slope 
surface (erosion). This accumulation of deforma-
tion is induced not only by the rainfall infiltration 
but also by the generation of pore water pressure 
and seepage flow when the water table increases 
near the slope surface. It could be explained by the 
accumulation of the water inside the embankment 
owing to the impediment of the water to flow out 
because of the lower permeability of the slope sur-
face; as a result, larger pore water pressures and 
flow velocities emerge at the back of the slope that 
may induce erosion at the surface. It suggests that 
some geotechnical solutions to avoid the rainfall 
infiltration into the slopes, such as concrete faces, 
cement-soil mixtures, surface compaction, etc., can 
be harmful for the local stability of the embank-
ments if  they are not accompanied by additional 
measures to reduce the water levels generated by 
the seepage flow from the mountain sides during 
the rainfall infiltration. It supports the importance 
of the subsurface drainage of the soil structures 
in the improvement of their local and general 
stability.

4 CONCLUSIONS

Seepage-deformation coupled methods can be 
useful and advantageous to analyze the behav-
ior and response of many complex engineering 
problems for soil-structures, which involve com-
plex geometries, different boundary conditions, 
and non-lineal variables. This method is useful to 
analyze the hydraulic and deformation behavior, 
simultaneously.

In this paper, two-dimensional numerical simu-
lations of a layered embankment subjected to 
rainfall infiltration and seepage flow were carried 
out. The distribution of the water velocity vectors 
and the pattern of deformations were investigated. 
In the analyses, the mechanism of the surface 
deformation and the strain localization on the lay-
ered embankment surface were discussed mainly 
with respect to the saturated water permeability of 
the soil. From the numerical results, it was found 
that the deformation of the embankment signifi-
cantly depends on the water permeability of the 
soil and it was localized on the slope surface at 
the river side; the larger the water permeability of 
the soil, the larger the velocity of the seepage flow, 
and the larger the deformation on the surface of 
the layered embankment.

The localized deformation of the slope surface 
was induced by the accumulation of the water 
behind the slope surface owing to the impediment 
of the water to flow toward the river.
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The impact of moisture diffusion on the structural degradation 
of asphalt mixtures

S. Caro
Universidad de Los Andes, Bogotá, Colombia

ABSTRACT: Moisture damage in asphalt mixtures is defined as the progressive loss of structural 
integrity caused by the presence of moisture in the microstructure of the material. This degradation proc-
ess includes the simultaneous development of adhesive damage at the interfaces between aggregates and 
asphalt binder, and cohesive damage within the asphalt binder. This paper presents a summary of the 
mechanisms explaining the phenomenon of moisture damage, as well as a numerical model that was 
developed to study the impact of the internal void structure of the mixtures on the structural degradation 
caused by moisture diffusion processes. The results of this study showed that the numerical model is able 
to account for adhesive and cohesive degradation caused by the presence of moisture and that the void 
structure of the mixtures plays a main role in determining the extent of moisture degradation.

Moisture damage can be defined as the 
progressive loss of the structural integrity of the 
material due the presence of water, in liquid or vapor 
state. There are two different processes responsible 
for this structural degradation: 1) adhesive dete-
rioration at the interfaces between aggregates and 
asphalt binder, and 2) cohesive deterioration of the 
fine aggregate matrix, FAM (i.e., combination of 
asphalt binder with the finest portion of the aggre-
gates). The difficulty in understanding and char-
acterizing moisture damage is that it is a complex 
phenomenon that includes mechanical, physical, 
and chemical mechanisms that act simultaneously 
but at different rates and intensities.

As a main degradation factor, most transpor-
tation agencies have shown interest in control-
ling and/or mitigating moisture damage for the 
last 20 years. However, it has been only in the last 
decade that the fundamentals of this phenom-
enon have been explored through several research 
efforts. Many of these efforts include the applica-
tion of concepts and experimental and modeling 
techniques that had been already used for several 
decades to study the properties and response of 
unsaturated soils. Caro et al. (2008a, b) present 
a detailed explanation of the advancements pro-
vided in the literature on this topic.

This paper focuses on the impact of moisture 
diffusion on the mechanical degradation of asphalt 
mixtures. The first part of the paper explains the 
mechanisms of moisture damage and the factors 
affecting the moisture sensitivity of asphalt mix-
tures. This is followed by an overview of the role 
of the internal void structure of the mixtures in 

1 INTRODUCTION

Hot mix asphalt (HMA) constitutes the most 
commonly used material in the construction of 
road infrastructure. This composite results from 
the combination of asphalt binder—an organic 
residue product of the distillation of crude oil—
and mineral aggregates, at temperatures typically 
ranging from 140 to 160ºC (Roberts et al., 1996). 
The proportion of the asphalt binder in the mix-
ture is determined during the mix design process 
(e.g., by using Marshall, Superpave, Hveem or 
other design methodologies), and it usually varies 
among 4.5 to 6.5% by total weight. Once the mix-
ture is fabricated, it is transported to the area of 
the project, extended and compacted. Generally, 
asphalt courses are compacted to reach an overall 
4 to 7% of air void content by the total volume of 
the mixture.

Field compacted mixtures are subjected to the 
passing traffic on the surface of the pavement and 
to the existing climate conditions in the area of 
the project. Fatigue cracking, permanent defor-
mations and low temperature cracking or thermal 
cracking are the three main phenomena used as 
control during the mechanistic design of flexible 
pavements (Huang 2003). Field observations, how-
ever, have shown that there exist other mechanisms 
that could strongly contribute to the premature 
deterioration of asphalt pavements. Among these, 
moisture damage in asphalt mixtures has been rec-
ognized as one of the most important phenomena 
in promoting premature degradation of pavement 
structures (Hicks 1991).
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the development of moisture damage. Then, a 
micromechanical model of moisture damage due 
to moisture diffusion is described and, finally, the 
main conclusions of the study are presented.

2 TRANSPORT MODES AND FACTORS 
AFFECTING MOISTURE DAMAGE

The initiation of moisture damage in an asphalt 
mixture requires the presence of moisture in its 
internal structure. There exist three different modes 
by which moisture can reach this internal structure: 
1) infiltration of water, 2) moisture diffusion, and 
3) capillary rise.

Infiltration of water through the void struc-
ture is considered the main transport mode used 
by moisture to penetrate the microstructure of 
the mixture. It is speculated that the flow of water 
within the microstructure can generate erosion of 
the fine portion or matrix of the mixture. Besides, 
under saturated conditions, it is also speculated 
that pore pressure caused by the mechanical load-
ing induced by traffic can generate micro-cracks 
and other mechanical degradation processes in the 
mixture (Kringos et al., 2008).

Moisture diffusion also plays an important role 
in promoting moisture damage. Its is believed that 
the main responsible for adhesive deterioration is 
the water vapor that is able to pass trough the FAM 
and reach the interface between the aggregates 
and the matrix of the mixture. Once vapor water 
reaches these interfaces, a separation or detach-
ment of the existing asphalt film will occur due 
to preference of aggregates to be covered by water 
instead of asphalt binder (i.e., adhesive failure).

Finally, the existence of capillary rise in asphalt 
mixtures was recently demonstrated (Masad et al., 
2007), but this transport mode is considered less 
critical as compared to the other two.

On the other hand, there are several factors 
determining the extent of moisture damage in a 
compacted asphalt mixture. Some of those factors 
are exclusively related to the characteristics and 
properties of the material itself  or internal fac-
tors, while others are related to the environmental 
and mechanical loading characteristics of the area 
where the pavement is located or external factors 
(Arambula 2007).

Internal factors include specific properties of 
the aggregates (e.g., mineralogy composition, 
porosity, morphological properties, cleanliness, 
etc.), properties of the asphalt binder (chemical 
composition, aging susceptibility, viscosity, etc.), 
and some properties of the mixture (e.g., percent 
of asphalt binder, percent of air voids, air voids 
size and distribution, typical film thickness of 
the asphalt binder coating the aggregates, etc.). 

External factors depend exclusively on the climate 
conditions of the zone where the mixture is located 
(e.g., rainfall, relative humidity, etc.), as well as on 
other characteristics of the project (e.g., drainage 
quality).

Naturally, the combination of both internal 
and external factors will ultimately determine the 
actual propensity of a mixture to develop moisture 
damage.

3 INTERNAL VOID STRUCTURE

Voids have been recognized as the main path of air 
and moisture access to the microstructure of the 
mixtures (Brown et al., 2004). Although the rela-
tionship between the total amount of air voids and 
the different modes of moisture transport is well 
recognized, the relationship between the internal 
air void structure of a mixture and its moisture 
sensitivity is neither simple nor evident.

X-ray Computed Tomography techniques have 
been used in combination with image analysis 
procedures to provide a better understanding of 
the internal air void structure of asphalt mixtures 
(Masad et al., 2006, Masad et al., 2007). In gen-
eral, these studies have shown that the internal 
void structure of asphalt mixtures is highly com-
plex and that the classical use of the total air void 
content might be insufficient to fully characterize 
it since other information like the location of the 
voids, size distribution, and connectivity are also 
critical in determining the susceptibility of asphalt 
mixtures to moisture damage. Figure 1 illustrates 
the significant variability of the internal void 
structures in mixtures. This Figure shows the verti-
cal distribution of air void content in a compacted 
asphalt course, obtained after conducting X-Ray 
CT analysis on field cores (Tashman et al., 2001).

There exist two common ways of including 
the air void phase in the numerical modeling of 
asphalt mixtures at the microscale level: 1) as part 
of the viscoelastic bulk matrix, FAM, or, 2) as an 
independent entity (i.e., a separate phase). In the 
first case, the FAM is modeled as a continuum 

Figure 1. Air void content distribution with depth in 
field cores (modified after Tashman et al., 2011).

CAICEDO.indb   496CAICEDO.indb   496 12/27/2012   5:01:59 PM12/27/2012   5:01:59 PM



497

with effective material properties (Caro et al., 
2010, Kringos et al., 2008). However, the main 
shortcoming of this approach is that the charac-
teristics of the internal air void structure and its 
variability within the FAM phase are neglected. 
The second possibility is more desirable, since it is 
a better representation of an actual mixture, but its 
main difficulty is that it usually implies important 
computational costs.

4 DEGRADATION BY MOISTURE 
DIFFUSION

The amount of water vapor and the rate at which 
it accumulates in an asphalt mixture depend on 
three primary factors: 1) relative humidity gradi-
ent, 2) diffusion coefficients, and 3) storage rate 
and storage capacity. Relative humidity depends 
on the environmental conditions, whereas diffu-
sion coefficients and storage capacity are material 
properties.

The strong impact of moisture diffusion on the 
structural degradation of asphalt mixtures has been 
verified in a recent experimental work conducted 
by the Geomaterials and Infrastructure Systems 
group at Universidad de Los Andes (Echeverria 
2011). In this work, the impact of relative humid-
ity on the fatigue resistance of regular dense 
mixtures was quantified. In these experiments, 
different specimens were subjected to a control-
led relative humidity environment, and standard-
ized strain-controlled fatigue tests were conducted 
after a steady state was reached within the mixture. 
Figure 2 presents the corresponding fatigue laws 
(i.e., the number of cycles to failure, Nf, caused 
by the application of constant strain levels, εt). 
These experimental observations corroborate that 

moisture diffusion plays a main role on the genera-
tion of moisture damage.

5 MICROMECHANICAL MODEL 
OF MOISTURE DAMAGE

A proposed two-dimensional micromechanical 
model of moisture damage has been developed 
to study the impact of moisture diffusion in the 
structural degradation of asphalt mixtures. The 
mixture was modeled in the commercial finite ele-
ment package Abaqus® after assuming that the 
material is composed by three different phases: 
1) coarse aggregates, 2) voids, and 3) a FAM or 
fine aggregate matrix. It is interesting to note that 
this model considers air voids as an independ-
ent phase, a characteristic that—as mentioned in 
the previous section—is usually overlooked when 
modeling asphalt mixtures.

5.1 Adhesive degradation

The model simulates the impact of the presence 
of diffused moisture within the microstructure 
by affecting the mechanical cohesive properties 
of the FAM, and the adhesive properties of the 
FAM-aggregate interfaces. However, the model 
gives especial attention to the adhesive deteriora-
tion by including interfaces between the aggregates 
and the FAM using the Cohesive Zone Modeling 
(CZM) approach.

This modeling technique permits to simulate 
the initiation and propagation of cracks through 
the adhesive areas of the mixture. Details of the 
characteristics of the CZM technique herein used 
can be found elsewhere (Ortiz & Pandolfi 1999). 
As a summary, this approach uses rectangular ele-
ments that are able to carry on traction up to the 
point where certain distance or separation between 
its faces is reached. At this point, a softening proc-
ess occurs leading to a progressive degradation of 
the traction capability of the material. When the 
element completely losses its structural capacity, 
it physically disappears from the model in what is 
interpreted as the initiation of a crack. Then, there 
are three parameters determining the mechani-
cal response of these elements: 1) the initial stiff-
ness of the element, 2) the distance or separation 
between the faces of the element where damage 
initiates, and 3) the total energy required to fully 
degrade the traction capacity of the material or 
critical energy release rate.

Both adhesive and cohesive degradation are sim-
ulated by making the viscoelastic material proper-
ties of the FAM and the mechanical properties of 
the adhesive bonds (i.e., adhesive bond strength 
and fracture energy) dependent on the amount of 
moisture that is diffused within the mixture.

Figure 2. Impact of relative humidity on the fatigue 
resistance of asphalt mixtures (modified after Echever-
ría 2011).
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5.2 Modeling approach

The micromechanical model was developed using 
a sequentially coupled moisture diffusion-mechan-
ical response scheme.

Moisture diffusion within the microstructure of 
the asphalt mixture was assumed to follow Fick’s 
second law and it was modeled using an implicit 
scheme, where the aggregates and the FAM are 
modeled using 3-nodes first order mass diffusion 
elements (type DC2D4 in Abaqus®), and the inter-
faces are modeled using 4-nodes linear mass diffu-
sion elements (type DC2D3).

The mechanical simulation was solved using 
an implicit scheme in which the asphalt matrix is 
modeled as a linear viscoelastic material and the 
aggregates are modeled as linear elastic materials. 
Aggregates and FAM were discretized using first 
order triangular elements (elements type CPE3 in 
Abaqus®) while the interfaces were modeled using 
adhesive zones using “zero-thickness” adhesive 
elements (elements type COH2D4 in Abaqus®).

5.3 Geometry

Figure 3 presents the geometry of the 50 mm by 
50 mm representative volume element of an asphalt 
mixture used for the simulations. This figure also 
presents a detail of the finite element implementa-
tion of the microstructure.

Although not visible in this figure, the model 
also includes the above-mentioned interfaces 
between every aggregate and the FAM. In this gen-
eral model, however, the air void phase is missed. 
Unfortunately, the actual internal void structure 
within a mixture is difficult to determine since it 
strongly depends on the compaction process used 
during the construction of the pavement. Thus, it 
was decided to produce several probable sets of air 
voids distributions within the mixture. In order 
to do so, an air void size distribution obtained 
by Masad et al. (2006) after analyzing the images 
captured from a 10 cm diameter cylindrical speci-
men by means of X-ray CT was used to gener-

ate sets of circular air voids within the asphalt 
mixture.

In order to study the impact of the total amount 
of air voids in a mixture on the moisture degrada-
tion of the microstructure, three different values of 
total air void content were considered: 4%, 7% and 
10%. For each case, ten different sets of circular air 
voids following the above-mentioned air void size 
distribution were produced. Once a set of voids 
was produced, it was randomly located within the 
mixture, as shown in Figure 4. This figure shows 
two cases of randomly produced air voids struc-
tures at 4 and 10%, and the final geometry of one 
of the modeled mixtures. In summary, thirty differ-
ent geometries were considered at the three main 
levels of air void contents.

5.4 Material properties

In terms of moisture diffusion coefficients, the val-
ues for each phase were as follows (Arambula et al., 
2010): aggregates: 1.28*10−3 mm2/s, FAM (with no 
voids): 1.27*10−5 mm2/s, air voids: 26 mm2/s.

In terms of the mechanical properties, the linear 
viscoelastic material properties of the FAM corre-
spond to the Prony Series reported by Kim et al. 
(2005), while the aggregates were assumed to be 
linear elastic with an elastic modulus of 5.0*1010 
Pa, and Poisson’s ratio of 0.3. The air voids were 
assumed to have zero structural resistance. Finally, 
the adhesive elements at each interface were char-
acterized by the following parameters: 1) before 
the initiation of damage, the response of the ele-
ments is linear elastic with a modulus equivalent 
to that of the FAM phase, 2) the damage initia-
tion criterion was assumed to be the same in the 
normal and shear modes and equal to 0.1 mm, and 
3) the critical energy release rates of the material 
in normal and shear mode were estimated as 15% 
of the area within the elastic part of the traction-
separation law.

The influence of moisture on the mechanical 
response of the FAM was accounted for by linearly 
reducing the relaxation modulus of this material as 
the moisture content increased. Thus, the relaxa-
tion modulus of the FAM at any time, t, was set to 
decrease linearly from its original value, in dry con-
ditions, to 90% of that value, when fully saturated 

Figure 3. Geometry of the two-dimensional asphalt 
mixture.

Figure 4. Randomly generated air void structures and a 
complete mixture model with the corresponding air void 
phase.
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conditions. The Poisson’s ratio of the FAM was 
assumed to be time and moisture independent. In 
terms of the impact of moisture on the mechanical 
properties of the adhesive zones it was modeled by 
reducing both the adhesive strength and the frac-
ture toughness of the element as a function of the 
moisture content (0% reduction if  there is no mois-
ture to 80% reduction if  the element is saturated).

5.5 Modeling methodology

The asphalt mixtures were initially subjected to a 
controlled loading simulation in the dry condition. 
The simulation consisted of loading and unloading 
the microstructure for a total of 30 s at a monot-
onic rate of 0.16 N/s. Simultaneously, identical 
undamaged specimens or microstructures were 
subjected to a ten-day moisture diffusion period 
after applying a saturated moisture boundary con-
dition to the external edge of the model. Finally, 
the moisture-conditioned samples were subjected 
to the same mechanical scheme described in the 
initial step. This simulation can be understood as 
an experimental setup in which different replicates 
of asphalt mixtures with different air void content 
levels were subjected to mechanical loading under 
two different conditions: 1) in a dry state, and 
2) after a ten-day moisture-conditioning process or 
wet state.

In all cases, the total dissipated energy (DE) by 
the mixture during the mechanical experiment (i.e., 
area under the overall force-displacement curve) 
was selected as the mechanical performance indi-
cator of the material.

5.6 Results and analysis

Figure 5 presents the moisture profile of one mix-
ture after the diffusion conditioning process, and 
Figure 6 presents the force-displacement curves 
obtained for this model in the case were moisture 
was not present (dry case) and in the case were the 
mixture was subjected to moisture diffusion (wet 
case).

Figure 7 presents a compilation of the results 
obtained for the 30 simulations conducted in dry 

conditions and the 30 simulations conducted after 
moisture conditioning, for the three total air void 
contents.

Two main observations can be extracted from 
this figure:

− An increase in the percent of air voids in the 
mixture produces a reduction in the structural 
integrity of the mixtures (i.e., a reduction in the 
bulk specific gravity of the mixture), and an 
increase in the amount of moisture that reaches 
the interior of the microstructure after the 
moisture-conditioning period. These two effects 
increase the total energy dissipated by the mois-
ture-conditioned mixtures (i.e., the dissipated 
energy is always larger in the wet cases).

− A reduction in the structural resistance of the 
mixtures caused by an increase of air voids (in the 
absence of moisture) was a major contributor 
to the overall loss of structural capacity of the 
microstructures. However, the data show that 
the marginal increase of the mechanical degra-
dation per unit of air void content that is exclu-
sively due to the presence of moisture grows 
faster than in the dry microstructures.

Figure 5. Moisture diffusion profile for a mixture after 
ten days of moisture diffusion.

Figure 6. Force-displacement curves obtained when the 
load was applied in dry and wet conditions.
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Figure 7. Summary of dissipated energy (DE) results 
for different percent of air voids.
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These observations can be explained if  
considered that an increase in the total air voids of 
a mixture naturally weakens the mechanical resist-
ance of the composite (i.e., there is less mass to 
resist force), and that the presence of more voids 
facilitates the diffusion of more moisture to the 
inner part of the microstructure. This, in combi-
nation with the coupling capacity of the model, 
produces an increase in the overall cohesive and 
adhesive damage.

6 SUMMARY AND CONCLUSIONS

Moisture damage in asphalt mixtures is a phenom-
enon that strongly affects the durability of flexible 
pavements. The study of this degradation process 
requires the identification of the internal charac-
teristics of the mixture and the external conditions 
of the environment that can make a mixture more 
prone to develop moisture damage.

This paper explains the main mechanisms asso-
ciated with the development of moisture damage, 
including moisture transport modes and the role 
of the internal void structure in the development 
of moisture degradation.

The paper also presents a micromechanical 
model that was developed to study the impact of 
moisture diffusion on the mechanical response of 
asphalt mixtures that are characterized by differ-
ent internal air void structures. The model has two 
main characteristics that make it different from 
other efforts conducted on this direction: 1) it ran-
domly includes the internal void structure of the 
mixture as an independent phase of the mixture, 
and 2) it is able to simulate cohesive degradation 
(i.e., degradation of the viscoelastic properties of 
the fine matrix of the mixture) and adhesive failure 
(i.e., propagation of cracks at the interface of the 
aggregates and the fine matrix of the mixture) that 
are caused by the presence of moisture. The results 
show that an increase in the amount of voids in 
an asphalt mixture promotes faster moisture dif-
fusion processes, and, as a consequence, induces 
more internal damage that is mainly caused by 
the degradation of the adhesive strength between 
the aggregates and the fine aggregate matrix of the 
mixture.
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ABSTRACT: This paper presents the comparison study between a coupled Hydro-Mechanical (HM) 
and a mechanical (M) calculation of a sequential excavation for circular shafts. The sequential excava-
tions are normally carried out with the water table lowering which leads to an unsaturated condition in 
the surrounding ground, affecting its geomechanical behavior. This work introduces the numerical analy-
sis for shafts using sequential excavations in unsaturated conditions. Initially, general guide lines of the 
Sequential Excavation Method (SEM) are described and the modeling for both calculations is presented. 
The final part of the paper analyzes the main results, from global behavior of excavation to forces in the 
support.

loads over the support as the ground contributes 
decisively to the final equilibrium. The shape of 
the excavation is the most important aspect of the 
method. It should be, optimally, circular or alter-
natively elliptical. This contributes for the mobili-
zation of the arch effect of the ground, reducing to 
a minimum the thickness of the lining.

The application of the SEM in the vertical 
direction allows shaft excavations, using the phases 
shown in Figure 1 and explained below:

i. The 1st phase can involve water table (WT) var-
iations or not and the WT lowering can happen 
before (as shown in Fig. 1) or while the excava-
tion takes place. At the same time takes place 
the construction of the capping beam;

ii. Excavation of the 1st ring;
iii. Construction of the support of the 1st ring;
iv. to vi. Repeat phase ii and iii to the remaining 

rings ending with the excavation of the last 
ring (v) and construction of the respective 
support (vi).

Each ring can be excavated in phases or inte-
grally. The shotcrete lining ensures the stability of 
the excavated ground. The capping beam guaran-
tees the adequate stiffness in case of non-symmet-
ric load, especially if  they occur at surface, as is the 
case of equipment transporting heavy materials.

After the excavation the works proceed with the 
construction of the internal structures, however 
that works are not the aim to the present study.

1 INTRODUCTION

The Sequential Excavation Method (SEM) has 
been, in the past, typically used for the excava-
tion of tunnels. Recently it has been adapted to 
the excavation of shafts with remarkably success 
as was the case of Porto Light Rail Metro (Topa 
Gomes 2009). At this city the common geotechni-
cal scenario corresponds to granite but with super-
ficial horizons corresponding to residual soils with 
depths that may reach more than 20 m (Viana da 
Fonseca 1996).

The excavation of shafts with this technique in 
residual soils implies usually that the water table is 
lowered, creating a non-saturated condition with 
important consequences, both in the mechanical 
and hydraulic behavior of the excavation. This 
paper intends to discuss the most important differ-
ences resulting from a simple mechanical calcula-
tion of the excavation or, alternatively, a coupled 
calculation, incorporating in the numerical model 
the mechanical and hydraulic behavior and solving 
them simultaneously.

2 SEQUENTIAL EXCAVATION METHOD

2.1 Brief description of the method

The SEM takes full advantage of the arch effect 
in the ground, redistributing the initial stress state 
in the three spatial directions, minimizing the 
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2.2 SEM used in metro stations excavations

This method can be used to build large diameter 
shafts such as metro stations. The construction of 
Porto Light Rail Metro constitutes an excellent 
example of the application of this methodology. 
Several shafts were constructed, with diameters 
ranging from about a ten of meters to the case of 
Salgueiros Station, with a total length of around 
80 m and a width of roughly 40 m. The excava-
tion resulted from the intersection of two ellipses 
(Fig. 2) and details can be found in (Topa Gomes 
et al., 2008).

3 MODELING

In the present section, mechanical (M) and hydro-
mechanical (HM) calculations are presented. Con-
sidering the water table lowering, the M calculation 
assumes it is lowered previously to the excavation 
and the HM calculation assumes the water table is 
lowered while the excavation is performed as will 
be shown.

3.1 Code_Bright

For the analysis presented in this paper, Code_
Bright (vr. 4), a finite element program developed 
at the Department of Geotechnical Engineering 
and Geosciences of the Technical University of 
Catalonia (UPC), Spain, was adopted. It allows 
solving coupled thermo-hydro-mechanical prob-
lems in geological media (Vaunat & Olivella 2002). 
For the present paper Code_Bright has been used 
as a solver while GiD (vr. 10.0.3), also developed at 
UPC, as pre and postprocessor.

Table 1 presents the constitutive equations of 
the code. As the thermo condition was not part of 
this study, not all the equations were applied.

Considering the mechanical behavior, an 
elastoplastic model (Pinyol et al., 2007) was 
adopted to model Salgueiros soil matrix, with 
Mohr—Coulomb failure criterion. Regarding 
hydraulic model, retention curve and generalized 
power equations were used.

Besides the Finite Element Method, Code_
Bright uses the Finite Differences Method for time 
analysis.

3.2 The analyzed excavation

Figure 3 shows the studied excavation consisting 
of a circular shaft, 30 m diameter and with a total 
depth of 20 m. To reach this depth 10 rings, each 
with a height of 2 m, were adopted. The only sup-
port element is a shotcrete membrane with 0.3 m 
thickness.

The geometry to mode the HM calculation is 
presented in Figure 3. In the M problem the width 
is 100 m and all residual soil is dry.

3.3 Assumed geotechnical parameters

The granite residual soil of Salgueiros is a 
saprolitic material, preserving the natural fabric of 
the original rock, with less than 10% clay, around 

Figure 1. Main phases for the excavation sequence of 
a circular shaft.

Figure 2. Final excavation phase for Salgueiros Station 
(Topa Gomes et al., 2008).

Table 1. Constitutive equations presents at Code_
Bright, (Olivella & Vaunat 2006).

Equation Variable name

Darcy´s law** Liquid and gas advective flux
Fick´s law Vapor and air non advective 

fluxes
Fourier´s law Conductive heat flux
Retention curve** Liquid phase degree of 

saturation
Mechanical model* ** Stress tensor
Phase density* ** Solid and liquid density
Gases law Gas density

* Used in M calculation ** Used in HM calculation
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20% silt and almost 70% sand (Topa Gomes et al., 
2008).

The solid density of the particles was consid-
ered 2.65, with an average porosity of 0.35. These 
values represent a dry unit weight of 16.9 kN/m3 
and a saturated unit weight of 20.3 kN/m3. Table 2 
presents the remaining assumed parameters to 
model the residual soil.

Concerning the soil water characteristic curve, 
Equation 1 proposed by (Van Genuchten 1980), 
with the parameters presented in Table 2 was 
adopted:

S S
le rS S l ls rll l+SrS l × ⎛

⎝⎝⎝
⎞
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(1)

where Se is the saturation degree; Srl the residual 
saturation; Sls the maximum saturation; λ the 
shape function; P0 the pressure measured at 20ºC 
and ψ the suction.

To consider the influence of the unsaturated 
condition in the permeability, a generalized power 
law (Eq. 2), was used:

k ASsS0kk 0λ00

 (2)

where k0 is the relative permeability; A and λ0 the 
adjusting parameters.

The bedrock was assumed linear elastic with 
a Young modulus of 1.0 GPa and a permeability 
coefficient of 6.5 × 10−10 m/s.

The shotcrete was also assumed linear elastic 
with Young modulus 30.0 GPa, Poisson’s coeffi-
cient of 0.2, solid density of the particles 2.6 and 
permeability coefficient 10 × −10 m/s.

3.4 Finite element meshes and excavation time

Quadrangular elements with one Gauss point were 
adopted for residual soil and bedrock elements, 
while similar elements with four Gauss points 
were used for shotcrete lining. The dimension of 
the used meshes is significantly different between 
a pure mechanical calculation and the hydro-
mechanical calculation. In fact, while in the first 
the influence of the excavation reaches around 
two times the excavation depth, in the second this 
influence is much bigger due to the hydraulic con-
ditions. Thus, in the pure M calculation a width of 
100 m was considered while in the HM calculation 
200 m were adopted.

Therefore the mechanical calculation presents 
3368 quadrangular elements and 3454 nodal points 
(Fig. 4) while the mesh used to model the hydro-
mechanical calculation has 3750 quadrangular ele-
ments and 3852 nodal points (in this calculation 
the bedrock does not exist).

Full excavation takes place in 80 days, 7 days 
to excavate each ring and 1 day to complete the 
shotcrete lining. The time for generating the initial 
state stress was placed as negative, 50 days for the 
Mechanical and 400 days for the Hydro-Mechan-
ical calculation.

Figure 3. Geometry of the hydro-mechanical 
calculation.

Table 2. Residual soil of Salgueiros—hydraulic and 
mechanical parameters.

Mechanical parameters Hydraulic parameters

c’ = 20.0 kPa k = 6.5 × 10−6 m/s
φ’ = 35.0º P0 = 6.0 MPa
E = 100.0 MPa λ = 0.25
ν = 0.375 Srl = 0
Associated flow law Sls = 1

A = 1
λ0 = 3 Figure 4. Mesh used to model the mechanical 

calculation.
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4 RESULTS

In this section the results will be presented focusing 
in the main differences between the M and HM cal-
culations. For this situation two distinct moments 
will be considered, one corresponds to the end of 
the excavation and another corresponding to the 
moment where a steady state flow is reached.

4.1 Global behavior of the excavation

To initiate the analysis in Figure 5 only M calcu-
lation results are shown. This figure presents the 
evolution of the horizontal ground displacements 
with increase of excavation height h.

The horizontal displacement of the shaft 
increases with depth, reaching a maximum horizon-
tal displacement of 1.6 cm in the last but one ring. 
Beyond this continuous growth with depth, the dis-
placement reaches relative maximums in each ring 
roughly at its mid-height. This phenomena result 
from the fact that each panel is partially supported 
by the shotcrete lining, above, and the ground below 
the excavation, this last acting like a brace.

It must also be referred that the continuous 
growth of the displacements with depth results 
from the growth of the ground stress with depth 
allied with the fact that the Young modulus was 
considered constant for all the residual soil. 
In conditions as the used in this calculation it is 
expected that the last but one ring presents always 
the maximum horizontal displacement.

Figure 6 presents the ground displacements for 
both calculations.

Considering the ground movements, these are 
bigger in the M calculation. This fact is mainly 
due to the bigger stress release in the first case as 
it corresponds to the total stress. In any case this 
result does not traduce exactly the ground behav-
ior as the soil is partially saturated. Furthermore, 

for engineering purposes this procedure is 
conservative.

Considering the support (Fig 7), the HM cal-
culation produces higher deformations as it has 
to carry the additional load corresponding to the 
“weight” of the water. The horizontal displacement 
of the support reaches a relative maximum in the 
bottom of each ring due to construction sequence. 
Considering the high stiffness of the shotcrete, it 
can be said that the main contribution to the sup-
port displacement is the ground movements that 
happen immediately before.

Another relevant aspect to mention is associated 
with the importance of the arch effect correspond-
ing to the mobilization of shear stress when each 
ring is excavated. This phenomenon is well visible 
in Figure 8 and represents the vital importance of 
the ground strength in the overall equilibrium of 
this type of shafts.

Figure 5. Horizontal displacement of the ground at the 
limit of excavation during certain phases. M calculation.

Figure 6. Horizontal displacement of ground face 
of excavation.

Figure 7. Horizontal displacement of support.

Figure 8. Arch transference in the vertical direction—
excavation of the 8th ring. (a) Horizontal stress [kPa]; 
(b) main stress vectors. M calculation.
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4.2 Settlement at the surface

Figure 9 shows that the values of the settlement 
are four times bigger for the HM calculation due 
to increase on the effective stress associated with 
the excavation and in particular the lowering of 
water table. For the distance corresponding to four 
times the height of the shaft, the settlement value 
of 3.5 mm is higher than the settlement at the exca-
vation limit in the M calculation. At the face exca-
vation the settlement is approximately four times 
the settlement of the M calculation.

Naturally these important differences results 
from the fact that the water table lowering was not 
simulated by any process in the M calculation. As 
residual soil is stiff  enough to guarantee that low-
ering the water table produces satisfactory results, 
a common strategy assumes that it is possible to 
consider only the M calculation without the influ-
ence of water.

4.3 Water table variation

The water table was initially 5.0 m below the sur-
face. With the excavation, the flow of water into 
the excavation lowers the water table to 13.2 m 
below the surface, at the end of the excavation, cor-
responding approximately to a suction of –130 kPa 
(Fig 10). An excavation in this condition is not 
capable to fix the water table at the bottom of the 
excavation unless a forced draw down is pursuit. 
This is a very important aspect and can represent 
a vital aspect to be improved in this type of works.

Figure 11 presents the position of the water 
table with the distance to the excavation face for 
various phases considered in the numerical calcu-
lations. The steady state is achieved in a very short 
period of time due to a high permeability of the 
ground.

Figure 12 shows that there are three areas to 
describe the seepage: downward behind the sup-
port, upward at the bottom of excavation and in the 
vicinity of the ring being excavated. The maximum 
seepage velocity is achieved in the steady state and 
is around 6.0 × 10−3 mm/s.

4.4 Flow into the excavation

Figure 13 shows, for the HM calculation, the flow 
per phase of excavation and the total volume dur-
ing the construction period. As the transient state 
is very short, the figure represents the steady state 
after the 80th day. The figure shows that the maxi-
mum flow rate is reached while excavating the last 

Figure 9. Settlement at the surface.

Figure 10. Pore-water pressure [kPa].

Figure 11. Depth of the water table during certain 
phases of the excavation.

Figure 12. Velocity field of the water particles. (a) After 
excavate the last ring; (b) last shotcrete lining.

Figure 13. Flow and total volume during the excavation 
procedures.
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but one ring, corresponding approximately to 
195 m3/day. This information should be considered 
as estimation but is a reference when it comes to 
the choice of the pumps to withdraw the water 
from the excavation.

Considering environmental aspects, the 7100 m3, 
reached at the end of excavation, represents a huge 
volume of water that might affect the local aqui-
fers, so it is from paramount importance to build 
the bottom slab immediately.

4.5 Forces in the support

Figure 14 shows the forces in the support for the 
2 calculations under analysis. For the HM model 
two distinct moments were selected.

For the majority of the situations, regarding 
both the type of load and position it seems there 
are no important differences between the 3 differ-
ent calculations. The only exceptions are the axial 
forces that seem to be bigger in the HM calcula-
tion. This is a direct consequence of the observed 
differences in the support displacements, bigger in 
the HM calculation as a direct consequence of the 
consideration of the additional load resulting from 
the water content corresponding to the unsatu-
rated condition.

5 CONCLUSIONS

The comparison between a simple mechani-
cal calculation and a coupled hydro-mechanical 
calculation, taking into account the unsaturated 
condition of the ground above the water table, 
shows some important differences. First of all a 
pure M calculation is not able to model the set-
tlements associated with the water table lowering 
which may be, in certain circumstances, of the 
same order of magnitude of the movements pro-
duced by the excavation of a shaft.

Also important is the fact that the coupled 
analysis produces differences in all the variables 
analyzed: soils displacement, support forces and 
displacements and, naturally, in the hydraulic con-
dition obtained. These discrepancies were obtained 
even if  the differences in stiffness resulting from the 
unsaturated condition were not considered.

Therefore it must be said that with the software 
capabilities available nowadays the study of cou-
pled hydro-mechanical problems should be object 
of further and detailed studies as the results seem to 
enhance the importance of this type of analysis.
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A lattice model for liquid transport in unsaturated porous materials

C. Fahy & P. Grassl
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ABSTRACT: A pressure driven mass transport model is proposed for describing the movement of liquid 
moisture through porous materials. The model employs a lattice, created from a random dual Delaunay 
and Voronoi tessellation, to discretise the material domain. Constitutive laws developed for describing the 
liquid retention and permeability behaviour of partially saturated soils are implemented in the above lat-
tice model and applied to the analysis of two distinct capillary rise problems in different types of unsatu-
rated porous materials. Analyses were carried out by using both 1D and 2D lattices, with results being 
compared to those reported in the literature to assess the accuracy of the proposed formulation.

of hydraulic potential in a partly saturated porous 
material. The lattice is obtained by overlying the 
material domain with a random Delaunay trian-
gulation (shown by solid lines in Figure 1a) which 
is taken as the basis for the construction of a dual 
Voronoi polygonization (showed by dotted lines in 

1 INTRODUCTION

Compacted clay, concrete and masonry are some 
of the most common building materials to suffer 
from water ingress. They are found in structures 
such as dams, embankments, tunnels, piers and 
bridges, which are all subject to degradation due to 
water penetration. Given that porous materials are 
widely used in all aspects of construction, trans-
port models are often needed for predicting the 
extent of moisture movement and, hence, to gauge 
the condition of structures.

In this context, a mass transport model is pro-
posed to describe the movement of liquid through 
partly saturated porous materials. The proposed 
model is implemented in the numerical code 
OOFEM (Patzák & Bittnar, 2001) based on a lat-
tice approach that uses a randomly generated dual 
Delaunay and Voronoi tessellation of the material 
domain (Grassl, 2009). The constitutive retention 
and permeability laws of the porous material are 
based on the hydraulic functions originally pro-
posed by van Genuchten-Mualem (Mualem, 1976, 
van Genuchten, 1980) for unsaturated soils and 
subsequently modified by Vogel et al. (2000). The 
lattice model incorporating the above constitutive 
laws is applied to two benchmark problems (in 1D 
and 2D, respectively) to demonstrate its numerical 
robustness and ability to describe liquid movement 
through porous media.

2 LATTICE TRANSPORT MODEL

A two-dimensional lattice model is used to 
describe the movement of liquid under gradients Figure 1. (a) Transport model, (b) Transport element.
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Figure 1a). Transport elements are placed along 
the facets of the Voronoi polygons and their cross-
sectional areas are calculated from the length of 
the corresponding edges of the dual Delaunay 
triangles.

Transport elements are idealized as one-
dimensional conductive “pipes”, according to the 
proposal by Bolander & Berton (2004). The gra-
dient of hydraulic head, which governs flow rate 
along each transport element, is calculated from 
the liquid pressures Pc at the two extremities. Fig-
ure 1b shows one transport element, together with 
the capillary pressures acting at the nodes and the 
associated cross-sectional area as obtained from 
the dual Delaunay triangle.

In this work we restrict our attention to the case 
where pore water is in tension and, in the follow-
ing, liquid pressure is therefore referred to as capil-
lary pressure.

3 CONSTITUTIVE LAWS

The mass balance equation describes the change in 
moisture inside a porous element as a consequence 
of liquid flow and solid-liquid retention. A posi-
tive sign is assumed for liquid tension, unlike the 
convention of soil mechanics which assumes com-
pression positive. This is made to facilitate future 
coupling of the transport formulation with frac-
ture models currently implemented in OOFEM 
where tensile stresses are assumed positive.

In the balance equation, the flux (i.e. the liq-
uid flow across a unit area of porous material) is 
related to the pressure gradient through Darcy’s 
law as follows:

q = ∇ −
⎛
⎝⎜
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠

P
g

zcPP
ρgg  

(1)

where q is the flow vector, k is the hydraulic con-
ductivity, Pc is the capillary pressure, ρ is the den-
sity of water, g is the acceleration of gravity and z 
is the capillary height. By introducing Darcy’s law 
in the moisture balance equation, the following dif-
ferential expression is obtained:

c
P
t

k
g

∂PP
∂tt

cPP i−
k div ( )∇( )P gzggρggcPP = 0

 
(2)

where c is the mass capacity and Pc is the 
time-dependent pressure field to be determined.

Boundary conditions are imposed either as 
prescribed values of capillary pressure (on bound-
ary Γ1) or as prescribed values of flux (on bound-
ary Γ2). The latter boundary condition can then 
be related to the gradient of capillary pressure 

through Darcy’s law. This results in the following 
two mathematical constraints on Pc:

P g
P

fc 1P gP cPP
2on and oP

fcPPongg( ) ( )
n

ΓonΓ1 and P
fcPP

1 and c∂PPP
∂nn  

(3)

where n denotes the direction normal to the bound-
ary while g(x) and f(x) are functions of the spatial 
coordinate vector x.

In Equation 4, the capacity c is defined as:

c
P

= −ρ ∂θ
∂ c  

(4)

where θ is the water content which is calculated by 
a modified version of van Genuchten’s retention 
model as proposed by Vogel et al. (2000):

θ θ=
>⎧

⎨
⎧⎧

⎩
⎨⎨
S Pθ+ P

P P<
e sSS r rθθθ+ c c>PP PP (aev)

s cθθ PP c(aev)PP
if
if

( )θθ θθsθθθθ rθθθθ

 
(5)

where Pc(aev) is the air-entry value of capillary pres-
sure which separates saturated states (Pc < Pc(aev)) 
from unsaturated states (Pc > Pc(aev)), Se is the effec-
tive degree of saturation (varying between zero 
and one when Pc tends to infinity and Pc(aev) respec-
tively), θr is the residual water content correspond-
ing to Se = 0 and θs is the saturated water content 
corresponding to Se = 1.

From the physical point of view, air breaks into 
an initially saturated material when capillary ten-
sion exceeds Pc(aev) (hence inducing a drop of degree 
of saturation). Conversely, water floods all pores 
of an initially unsaturated material when capillary 
tension falls below Pc(aev) (hence attaining a degree 
of saturation of one). It is intuitive that the smaller 
the pore size of the material, the larger the value 
will be of Pc(aev).

The effective degree of saturation Se is related 
to capillary pressure Pc by the following modified 
version of van Genuchten’s model (Vogel et al., 
2000):

S
P
a

m

m

eSS m r

s r

cPP1+= ⎛
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⎜⎜
⎞

⎠

⎟
⎞⎞

⎟
⎠⎠

⎟⎟−

−

θ θm r−
θ θs r−

1
1

 

(6)

in which θm, a and m are all model parameters. The 
role of parameter θm is illustrated in Figure 2 which 
provides a graphical representation of Equation 6. 
In particular, parameter θm is equal to or greater 
than the saturated water content θs.

If  θm = θs, the original van Genuchten model is 
recovered from Equation 6 (Fig. 2). If  θm > θs, a hor-
izontal cut-off  line at Se = 1 is introduced (Fig. 2) 
to avoid values of effective degree of saturation 
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greater than one. This line intersects the modified 
van Genuchten graph (Equation 6) at Pc = Pc(aev).

Hence, the air-entry value of capillary pres-
sure Pc(aev) is calculated by imposing Se = 1 in 
Equation 6 as:

P a
m

m

c(aev)PP m r

s r

⎛
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(7)

The hydraulic conductivity k in Darcy’s law 
(Equation 1) is next expressed in terms of intrinsic 
conductivity κ, relative conductivity κR, density of 
water ρ and absolute (dynamic) viscosity of water 
μ as:
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P P

P P
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where κR is a function of the effective degree of 
saturation Se according to the following modified 
version of van Genuchten’s model (Vogel et al., 
2000):
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(9)

As before, if  θm = θs, Equation 9 reduces to the 
expression of the relative conductivity for the orig-
inal van Genuchten model.

4 ANALYSES

4.1 1D analysis

To verify that the constitutive equations of 
Section 3 are correctly implemented in OOFEM, 
the 1D capillary infiltration problem modelled by 
Vogel et al. (2000) was modelled again in this work 
by using OOFEM. Table 1 gives the parameter val-
ues of the original and modified van Genuchten 
models (Vogel et al., 2000) as used in the simula-
tions while Figure 3 shows the corresponding 
variations of volumetric water content θ, water 
capacity c and relative conductivity κR with capil-
lary pressure Pc.

Note that the modified van Genuchten model 
assumes a value of θm that is very close to the value 
of θs, which results in a very small air-entry capil-
lary pressure Pc(aev) = 1.962 × 10−4 MPa. Due to this, 
it is very difficult to notice any difference between 
the variations of volumetric water content with 
capillary pressure predicted by the original and 
modified models, respectively (Fig. 3a).

Prior to the start of the analysis, the 1000 mm soil 
column is assumed to be in hydraulic equilibrium 
with an imposed capillary pressure of 0.0981 MPa 
at the bottom (see Fig. 4). This value of capillary 
pressure corresponds to an imposed pressure head 
of –1000 cm as specified in Vogel et al. (2000). At 
time zero, atmospheric pressure was imposed at the 
bottom of the column combined with a zero flux at 
the top (Fig. 4), leading to an upward infiltration 
(i.e., an infiltration against gravity).

Figure 5 compares the pressure distribution 
along the soil profile as predicted by OOFEM and 
by Vogel et al. (2000), respectively, at different times 
during the infiltration process. As can be seen, the 
wetting fronts predicted by OOFEM lag slightly 
behind those predicted by the alternative numerical 
formulation of Vogel et al. (2000). However, when 
the modified version of the van Genuchten model 
is employed in Figure 6, the results obtained by 
OOFEM are in much better agreement with those 
presented by Vogel et al. (2000).

The predicted infiltration rate over time (calcu-
lated at the bottom of the soil column) is plotted 

Figure 2. Effective degree of saturation versus capillary 
pressure.

Table 1. Parameters for 1D soil 
column analysis.

θs 0.380
θr 0.068
θm 0.3803
Pc(aev) [MPa] 1.962 × 10−4

μ [t /(mm*s)] 1 × 10−9

κ [mm2] 5.6634 × 10−8

m 0.0826
a [MPa] 0.0123
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in Figures 7 and 8 for different degrees of lattice 
refinement.

When the original van Genuchten model is used, 
large oscillations of the infiltration rate occur at 
the start of the analysis, which persist longer 
in the case of a coarser mesh. As time increases, 
these oscillations smooth out and results no longer 
depend on mesh size (Fig. 7).

However, when the modified van Genuchten 
model is used, oscillations are greatly reduced and 
only occur at the very initial times for the coarser 
mesh (Fig. 8). Figure 8 shows clearly that after 
about 500 seconds no oscillations occur and results 
become independent of mesh size.

4.2 2D analysis

In order to further verify the accuracy and robust-
ness of the flow model presented in Section 4.1 
with reference to a 2D lattice, the laboratory test 
by Wittmann et al. (2008) was simulated using 
OOFEM. This test involved measurement of 

Figure 3. Predicted variation of (a) Volumetric water 
content, (b) Water capacity and (c) Relative conductivity 
with capillary pressure.

Figure 4. (a) Geometry, (b) Initial pressure distribution, 
i.e. prior to start (t < 0) and (c) Boundary conditions at 
start of the analysis (t = 0).

Figure 5. Comparison of capillary pressure distribu-
tion at different times predicted by OOFEM model and 
by Vogel et al. (2000) using the original van Genuchten 
model.

Figure 6. Comparison of capillary pressure distribu-
tion at different times predicted byOOFEM and by Vogel 
et al. (2000) using the modified van Genuchten model.

CAICEDO.indb   510CAICEDO.indb   510 12/27/2012   5:02:07 PM12/27/2012   5:02:07 PM



511

capillary infiltration through a concrete beam 
whose bottom surface was put in contact with free 
water. The concrete beam was modelled by means 
of a 2D lattice whose hydraulic properties were 
described by the modified van Genuchten model 
(because the modified van Genuchten model has 
been shown to be more accurate than the original 
model).

Prior to the start of the infiltration process, a uni-
form capillary pressure of 39.585 MPa (correspond-
ing to an assumed effective degree of saturation of 
0.5) is assumed throughout the beam. Subsequently, 
at time zero, the water pressure along the bottom 
of the beam is changed to zero (i.e., atmospheric) 
while the top and side boundaries are assumed to 
be impermeable to water (see Fig. 9). This leads 
to an upward capillary infiltration similarly to the 
previous case of a 1D soil column. The parameters 
used for the analysis were taken from the literature 
and are listed in Table 2 (Wittmann et al., 2008, 
Baroghel-Bouny et al., 1999).

As no value of the intrinsic permeability κ was 
available from the literature, this was chosen so 
to give optimum predictions of changes in water 

content at an early time. A comparison of the 
changes in water content predicted by the model 
over the depth of the beam (along the centre line) 
at different times against the experimental results 
presented by Wittmann et al. (2008) is shown in 
Figure 10. Inspection of Figure 10 indicates that, 
at the beginning of the infiltration process, the 
model agrees relatively well with the measured 
increase of water content (which is unsurprising 
given that the intrinsic permeability κ was chosen 
to fit experimental results at an early time). How-
ever, at later stages, the increase of water content 
is over predicted. It is still unclear as to why this 
over-prediction occurs. However, this might be due 
to the fact that concrete is incorrectly treated as a 
homogeneous material and the presence of aggre-
gates, which slow down moisture movement, is 
ignored (Wang & Ueda, 2011).

Figure 7. Infiltration rate calculated by OOFEM using 
original van Genuchten model.

Figure 8. Infiltration rate calculated by OOFEM using 
modified van Genuchten model.

Figure 9. Geometry and boundary conditions.

Table 2. Parameters for 2D beam 
analysis.

θs 0.092
θr 0.000
Pc(aev) [MPa] 1.962 × 10−4

μ [t/(mm*s)] 1 × 10−9

κ [mm2] 1.0 × 10−13

M 0.4396
a [MPa] 18.6237

Figure 10. Change in water content versus depth of 
beam.
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A simplified 1D model of the same infiltration 
problem (i.e., using the same parameter values given 
in Table 2) was also created to verify the results 
obtained from the 2D analysis. Figure 11 shows 
the change in water content calculated at time 
30 minutes by the 2D and 1D models, respectively. 
Inspection of Figure 11 indicates that the two pro-
files are very similar which corroborates the preci-
sion of the predictions by OOFEM.

5 CONCLUSIONS

This paper presents a pressure driven mass trans-
port lattice model that can accurately describe the 
movement of moisture through porous materials. 
The lattice model was constructed by placing 1D 
transport elements along the edges of Voronoi 
polygons with their cross-sectional properties 
determined from the length of the edges of the cor-
responding Delaunay triangles.

The robustness and accuracy of the implemen-
tation of a modified van Genuchten model by 
Vogel et al. (2000) in the numerical code OOFEM 
was demonstrated by simulating water move-
ment through a soil column and a concrete beam 
(modelled by 1D and 2D lattices, respectively). 

The accuracy of both predictions was verified by 
comparison with published results.

This study confirms the work of Vogel et al. 
(2000) which states that the modified van 
Genuchten model is superior to the original van 
Genuchten model in terms of numerical robust-
ness. This work has also shown that the modified 
van Genuchten model is superior in terms of accu-
racy and mesh dependency to the original model.
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Numerical simulation of a shallow foundation on an unsaturated silt

N.A. González & A. Gens
Technical University of Catalonia, Barcelona, Spain

ABSTRACT: This paper presents a coupled flow-deformation finite element analysis of a shallow foun-
dation on an unsaturated loosely compacted silt subjected to variations in the water level. The behaviour 
of the silt foundation was simulated using the Barcelona Basic Model (BBM) which was implemented 
into the PLAXIS finite element code. Material parameters were calibrated from laboratory tests reported 
in the literature. The influence of partial soil saturation and of fluctuations of the groundwater level on 
the behaviour of footing is investigated. Constitutive equations were solved using two stress integration 
procedures, an explicit stress integration scheme with automatic substepping and error control techniques 
and a fully implicit stress integration scheme based on the Backward-Euler algorithm with substepping. 
Their performances during the numerical simulation are evaluated.

because of the singularity at the footing edge and 
the strong rotation of the principal stresses during 
loading, this problem is a challenging test for the 
evaluation of the numerical algorithms.

2 NUMERICAL FORMULATION

2.1 Constitutive relations

The main features of the model used herein are:
i) to use the BBM formulation to account for 

the behaviour of unsaturated soils.
ii) to adopt Bishop stress and suction as the 

constitutive stress variables,

σ σ δ δijσσ ijσ a iδ j eδ iδδ ijδδP δaδδδδ′ − P δaδδδδδ ( )a w  
(1)

s P Pa wPP PP−P  (2)

where, σij is the total stress vector, Pa the air pres-
sure, Pw the water pressure, Se the effective degree 
of saturation and δij the Kroneckers’s delta. 
PLAXIS assumes that Pa is constant and equal to 
atmospheric; therefore, suction is negative of pore 
pressure (Galavi, 2010).

iii) Hydraulic hysteresis effects are not consid-
ered in the formulation. van Genuchten (1980) 
equation is adapted for the description of the 
relationship between degree of saturation and 
suction,
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where, Se is the effective degree of saturation, Sr the 
degree of saturation, Sres the residual saturation at 

1 INTRODUCTION

A common engineering problem which often 
involves unsaturated soils is that of shallow foun-
dation that rests above the ground water table. 
In many cases a capillary zone exists above the 
groundwater level (G.W.L), where the soil unsatu-
rated. Typical footing analyses ignore this zone and 
assume that the soil above the ground water table 
is dry. This type of analyses underestimates the 
soil strength but, more importantly, ignores well 
known features of unsaturated soils such as col-
lapse upon wetting.

This paper presents a series of unsaturated finite 
element analysis of a strip footing on an unsaturated 
loosely compacted silt performed with PLAXIS 
program using a fully coupled flow-deformation 
analysis (Galavi, 2010). Soil behaviour is described 
using the well-known BBM (Alonso et al., 1990), 
it has been implemented into PLAXIS as a user 
defined soil model. The influence of partial soil 
saturation and of fluctuations of the G.W.L. on 
the behaviour of footing is investigated.

Local constitutive equations are solved using 
two stress integration procedures, an explicit stress 
integration scheme with automatic substepping 
and error control techniques (Sloan et al., 2001; 
Sheng et al., 2003; González & Gens, 2010) and 
a fully implicit stress integration scheme based 
on the Backward-Euler algorithm with substep-
ping (Pérez et al., 2001; González & Gens, 2010). 
The numerical performance of the algorithms 
was evaluated for an element test in González & 
Gens (2010) and González (2011). This paper, 
however, goes a step further as the algorithms are 
evaluated in a practical geotechnical boundary 
value problem. According to Sheng et al. (2003), 
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very high value of suction, Ssat the saturation of 
saturated soil and ga [m−1], gn and gc are fitting 
parameters, gc is often used as (1/gn-1).

The permeability for unsaturated states in 
PLAXIS is computed as,

k k k i x,y,zi rk k el iksat =k k ik lk  (4)

where ki
sat is the permeability for saturated soils 

and krel is the relative permeability defined by,
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(5)

where, gl is a fitting parameter.
Full details of the constitutive model are given 

in González (2011) and González & Gens (2010) 
and details of the fully coupled flow deformation 
analysis are given in Galavi (2010).

2.2 Numerical integration algorithms

Incremental stress-strain-suction equations are 
solved using both explicit and implicit integration 
algorithms adapted to unsaturated conditions.

Explicit algorithm is based on the Modified Euler 
procedure, uses the gradients of the yield surface and 
plastic potential at the start of the strain increment, 
and their accuracy is controlled by breaking up the 
strain increment into sub-increments (or substeps), 
special automatic local substepping and error control 
techniques were implemented following the propos-
als of Sloan et al. (2001) and Sheng et al. (2003).

The fully implicit stress integration algorithm 
is based on the Backward-Euler procedure with 
substepping techniques (Pérez et al., 2001). In the 
implicit algorithm, all gradients are estimated at an 
advanced stress state (which is unknown) and then 
the resulting non-linear constitutive equations are 
solved by iteration. As in the explicit algorithm, the 
strain increment can be subdivided in smaller size 
(substeps), in case that no convergence is reached 
in the iterative process of residual minimization.

In both algorithms, the suction variable is 
treated as an additional strain component and it 
is assumed that it may be sub-incremented at the 
same rate as the other strain components.

In the case the prescribed maximum number of 
time substeps (or sub-increments) is reached, the 
finite element program is asked to reject the cur-
rent step and to decrease the size of the global step. 
Full details of the numerical algorithms employed 
in this work are given in González (2011) and 
González & Gens (2010).

3 MODEL CALIBRATION

A set of  oedometer and triaxial laboratory tests 
on an unsaturated compacted silty soil (Jossigny 
silt) reported by Casini (2008) has been selected 
for the calibration of  the constitutive model and 
the shallow foundation analysis performed in this 
work. Jossigny silt is a low plasticity silt (wP = 19, 
wL = 37, IP = 18), the normal Proctor optimum 
characteristics are γopt = 16 kN/m3 and wopt = 18%. 
It was compacted at low values of  dry density and 
water content (γdry = 14.5 kN/m3 and w = 13%) 
to ensure significantly susceptibility to wet-
ting. Mechanical and hydraulic calibrated model 
parameters are presented in Table 1 and Table 2, 
respectively.

Table 1. Mechanical properties for the Jossigny silt.

Parameter Value Description

ν 0.3 Poisson’s ratio
κ 0.005 Slope of the unloading-reloading 

line
λ0 0.12 Slope of the saturated 

consolidation line
ks 0.14 Parameter to control the increase 

in apparent cohesion with 
suction

M 1.45 Slope of the critical state line
e0 0.81 Initial void ratio
Po* [kPa] 55 Saturated preconsolidation 

pressure
pr [kPa] 1.0 Reference pressure
r 0.5 Parameter to control the maxi-

mum soil stiffness with suction
β [kPa−1] 0.005 Parameter to control the rate 

of increase of stiffness with 
suction

α 1.0 Non-associated parameter

Table 2. Hydraulic properties for the Jossigny silt.

Parameter Value Description

Sres 0.39 Residual degree of saturation
Ssat 1.0 Maximum degree of saturation
ga [m−1] 0.7 Fitting parameter for 

van—Genuchten
gn 2.083 Fitting parameter for 

van—Genuchten
gc −0.52 Fitting parameter for 

van—Genuchten
kx, ky [m/day] 0.0864 Intrinsic permeability
gl 0 Fitting parameter for relative 

permeability
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The soil water retention curve (SWRC) 
obtained experimentally by different techniques 
(Casini, 2008) and the calibrated curve are plotted 
in Figure 1. The experimental results showed the 
existence of hysteresis in the SWRC, however, the 
calibrated curve employed in this work is repre-
sentative of the wetting branch.

Predicted and experimental results of oedom-
eter tests performed under saturated conditions 
(s = 0 kPa) and at constant suctions of 100 and 
200 kPa are plotted in Figure 2, a good agreement 
between predicted and experimental behavior is 
observed. Figure 2 also shows the results of a wet-
ting test (starting from s = 200 kPa) under a ver-
tical stress of 200 kPa for which it is evident the 
reduction in volume induced by saturation (col-
lapse behavior).

Predicted and experimental results of a triaxial 
test involving anisotropic loading prior to shear-
ing at constant suction of 200 kPa are plotted in 
Figure 3. Predicted behaviour also shows a reason-
ably good agreement with experiments.

4 SHALLOW FOUNDATION ANALYSIS

In this section numerical simulation of a smooth 
strip footing, resting on the compacted Jossigny 
silt is presented. Figure 4 shows the FE mesh and 
the boundary conditions used for the analysis. The 
mesh consists of 415 15-noded triangular elements 
with a fourth order interpolation for displacements 
and for pore pressure and 12 gauss points for each 
element. The width and height of the model are 
10 m and the width of the footing is 1 m. The ini-
tial position of the G.W.L. is on the surface. This 
level is changed during drying and wetting proc-
esses. The top, left and right boundaries are closed 
for flow, and drying and wetting are only applied 
through the bottom boundary by linearly chang-
ing the water head with time.

The soil parameters used in the analysis are those 
given in Table 1 and Table 2. The initial stresses 
are generated using the loads corresponding to 
the total soil unit weight (γ = 16.5 kN/m3) and the 
K0-value (K0 = 0.416). The yield surface locations 
for the fully saturated conditions were set consid-
ering a preoverburden pressure (POP) of 55 kPa at 
the ground surface, where POP is defined as the 
difference between the vertical effective stress and 
the vertical preconsolidation pressure.

Two set of analysis were considered. In the first 
analysis, the footing was loaded considering three 
different depths of the G.W.L.: a) a deep water 
level (10 m depth), b) a water level at 5 m depth 
and c) a water level at the ground surface (satu-
rated condition). In the second analysis the footing 
was loaded to a certain load with the G.W.L. at 5 m 
depth and subsequently the G.W.L. was raised to 
the ground surface at constant applied load. Three 

Figure 1. Soil Water Retention Curve of Jossigny silt 
(Experimental data from Casini, 2008).

Figure 2. Predicted and experimental behavior of oed-
ometer tests on Jossigny silt (Experimental data from 
Casini, 2008).

Figure 3. Predicted and experimental behavior of a tri-
axial test on Jossigny silt (Experimental data from Cas-
ini, 2008). (a) Deviatoric stress (q) against axial strain; (b) 
Volumetric strain against axial strain.
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different loads were considered: 75 kPa, 100 kPa 
and 125 kPa.

4.1 Rigid footing at different groundwater levels

To simulate the behavior of a rigid foundation, 
the analysis is performed under displacement con-
trol with vertical displacements applied to the soil 
surface below the position of the footing and an 
equivalent pressure is computed by summing the 
appropriate vertical nodal reactions. Before apply-
ing these displacements, the initial position of the 
G.W.L. was varied in order to set different initial 
suction profiles. Three initial positions were ana-
lyzed: 0 m, 5 m and 10 m, corresponding to suction 
values of 0 kPa, 50 kPa and 100 kPa on the top 
boundary, with the first value corresponding to a 
fully saturated condition. After the drying phase, 
the footing was loaded to a total displacement of 
0.2 m. This displacement was applied over a time 
period of 1000 days, so that the rate of loading was 
slow enough to ensure fully drained conditions.

The predicted load-displacement curves for the 
three different initial positions of the G.W.L. are 
shown in Figure 5. The figure shows an increase of 
the predicted footing load with the G.W.L. depth. 
The footing load has not reached its limiting value 
at the maximum displacement achieved in the 
analysis. The load-displacement behavior is largely 
controlled by the increase of the elastic domain as 
illustrated in Figure 6, which plots the stress path 
followed for a stress point located directly under-
neath the footing (point A in Figure 4).

4.2 Flexible footing with rise of groundwater level

This analysis considers that the strip footing is ver-
tically loaded to three different loads: 75, 100 and 
125 kPa with the initial water level at 5.0 m. Then, 
the surface soil adjacent to the footing is wetted to 
zero suction (G.W.L. at the ground surface). These 
boundary conditions were imposed over a time of 
1000 days in order to maintain fully drained condi-
tions. As the footing is loaded by a uniform vertical 
pressure, and not by uniform imposed vertical dis-
placements, it is taken to be perfectly flexible.

Figure 7 shows the relationships between verti-
cal displacements against vertical effective stresses 
predicted by the three different loads. In the same 
figure the stress-displacement curves for G.W.L. 
at 5.0 m and G.W.L. at 0 m (presented in the pre-
vious section) are also plotted for comparison. It 
can be seen in this figure that the higher the load 
at which wetting took place the larger the induced 
settlement. In fact, there is an important reduc-
tion in displacement (or swelling behavior) rather 
than significant settlements when the wetting path 
is carried out at a load of 75 kPa, while, the wet-
ting paths at loads of 100 kPa and 125 kPa initially 
exhibited only a small decrease in displacement 

Figure 4. Geometry and FE mesh used for the footing 
problem.

Figure 5. Load-settlement curves of rigid footing with 
different groundwater levels.

Figure 6. Stress-paths followed by footing for a point 
located directly underneath the foundation.
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(swelling), followed by larger settlements (or 
collapse behavior).

This behavior is controlled depending on the 
location of the stress state with respect to the yield 
surface, as is illustrated in Figure 8, which plots 
the stress paths in the mean Bishop’s stress against 
suction plane. Initial position of the Loading-Col-
lapse (LC) curves just before wetting is also plotted 
in the figure. It is observed that in the three cases, 
the wetting paths first occur in the elastic domain 
until the LC curves are crossed, where, larger irre-
versible displacements are predicted. However, it is 
observed that most of the wetting path at a con-
stant load of 75 kPa lies in the elastic domain and 
therefore a significant elastic swelling is predicted.

The vectors of total displacements after load 
to 125 kPa and after wetting at constant load of 
125 kPa are presented in Figure 9. The orientation 
of these vectors indicates the direction of move-
ment and their length the relative magnitude of 
movement (scaled by 40). Wetting of the soil leads 
to significantly increase of displacements of the 

nodes below the footing while the nodes away the 
footing heave.

The displacement pattern for the three analyses 
is better represented in Figure 10, where the com-
puted vertical displacements after load and after 
wetting along a cross section at the ground surface 
are plotted. Negative displacements indicate set-
tlements whereas positive displacements indicate 
heave of the ground surface. Since the footing 
is flexible, loading at constant GWL of 5.0 m it 
causes differential movements with the maximum 
settlements at its center (x = 0), a reduced settle-
ments at the footing edge (x = 1 m) and an almost 
zero settlements at the distance of 10 m from its 
center.

During wetting phase, the ground surface heaves 
or continues to settle, depending on the distance 
from the footing center and on the applied load 
before wetting. At the centre of the footing a fur-
ther settlement is predicted when the applied loads 
before wetting are of 100 kPa and 125 kPa, it is not 
the case when the applied load is of 75 kPa, which 
causes a settlement reduction. Just underneath the 
edge of the footing (at x = 1 m), the vertical dis-
placements after wetting begin to change rapidly 

Figure 7. Vertical stress-displacement curves for unsatu-
rated wetting analysis.

Figure 8. Stress paths for the wetting analysis in a point 
located directly underneath the foundation. LC0: initial 
position of LC curve; LC1: LC position after load to 
100 kPa; LC2: LC position after load to 125 kPa.

Figure 9. Vectors of total displacements. (a) After load 
to 125 kPa; (b) after wetting to the ground surface.

Figure 10. Vertical displacements at the ground surface 
induced by loading and wetting at three different loads.
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from settlement to heave. At distances higher than 
about 1.25 m away from the footing center, the 
ground surface rises. Due to the fact that the Jos-
signy silt has a low swelling index (κ) of only 0.005 
(see Table 1) heave is relatively small.

5 PERFORMANCE OF THE NUMERICAL 
ALGORITHMS

In this section, the performance of the integrations 
algorithms (explicit and implicit) used to solve the 
unsaturated constitutive equations is evaluated. 
Standard settings of PLAXIS regarding global 
convergence were maintained. For the local inte-
gration (at a gauss point level), the yield surface 
tolerance was fixed at YTOL = 10−8; this param-
eter was also used to control the convergence of 
the residual in the implicit algorithm. Control 
error tolerance of the explicit algorithm was set to 
STOL = 10−4, these set of values is considered as 
typical for practical applications as was suggested 
by Sheng et al. (2003).

Comparisons of the algorithms are presented 
in terms of the number of global steps (Steps), 
maximum number of global iterations (Max.iter), 
maximum number of local substeps (strain or suc-
tion subincrements) (Max.substep) and CPU time. 
It is important to note that Steps are controlled 
internally by PLAXIS and the user cannot modify 
this value. For a critical element and gauss point 
located underneath the edge of the footing, the 
total number of global iterations (Iter.elm) and 
local substeps (Substep.elm) are also compared. 
All CPU times presented are for an Intel Core i7 
(2.8 GHz).

Table 3 shows a comparison of the algorithms 
for the rigid footing at different G.W.L. (see 
section 4.1). It is observed that, as the suction of the 
ground surface increases, the maximum number of 
global iterations and local substeps decreases. This 
observation is also consistent with the total number 
of iterations and substeps spent for the critical 

analysed element. Regarding efficiency of the 
numerical algorithms, for load footing at constant 
suction, explicit algorithm requires greater amount 
of work to integrate the constitutive equations and 
the global equations than implicit algorithm. CPU 
time does not vary significantly with the integra-
tion algorithm and the consideration of unsatu-
rated soil.

The efficiency of the numerical algorithms 
for the flexible footing subjected to a rise of the 
G.W.L. (see section 4.2) is summarized in Table 4. 
As expected, an increase of the footing load before 
wetting demands larger values of global iterations 
and local substeps. Footing load to 75 kPa is elastic 
(see Figure 8) and therefore it does not require local 
substeps. A rise of G.W.L. to the ground surface 
demands significantly greater amount of numeri-
cal work (at local and global levels) than loading 
at constant G.W.L. During wetting, the limit set of 
global maximum iterations (100) is reached in all 
cases. The higher the applied load before wetting 
the more local substeps are required. In general, 
the implicit algorithm demands more substeps and 
iterations than the explicit one during wetting, with 
the exception of the case with the lowest applied 
load (75 kPa), as illustrated in Figure 11, this leads 
to an increase of the computational cost.

Table 3. Numerical performance for the rigid footing.

Load at 
GWL = 0 m

Load at 
GWL = 5 m

Load at 
GWL = 10 m

Expl. Impl. Expl. Impl. Expl. Impl.

Steps 542 540 539 539 539 539
Max.iter 33 18 12 10 10 12
Max.substep 7 3 5 1 4 1
CPU time (s) 325.1 351.7 327.6 337.8 314.0 340.7
Iter.elm 6999 6464 6190 6103 5926 5915
Substep.elm 973 971 933 929 877 863

Table 4. Numerical performance for the flexible 
footing.

Load to 75 kPa Wetting at 75 kPa

Expl. Impl. Expl. Impl.

Steps 539 539 653 630
Max.iter 4 4 100 100
Max.substep 0 0 13 3
CPU time (s) 304.6 314.5 565.4 506.4
Iter.elm 4470 4470 69416 34853
Substep.elm 0 0 1727 581

Load to 100 kPa Wetting at 100 kPa
Expl. Impl. Expl. Impl.

Steps 539 539 768 771
Max.iter 10 9 100 100
Max.substep 3 1 11 28
CPU time (s) 317.4 312.3 765.0 985.1
Iter.elm 5013 4890 129758 130952
Substep.elm 188 166 2397 2292

Load to 125 kPa Wetting at 125 kPa
Expl. Impl. Expl. Impl.

Steps 539 539 766 768
Max.iter 15 9 100 100
Max.substep 5 1 41 100
CPU time (s) 339.1 343.6 742.8 1080
Iter.elm 6990 6377 88724 90691
Substep.elm 605 529 2576 2612
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Figure 11. Maximum local substeps required for a flex-
ible footing subjected to a rise of the G.W.L.

These results seem consistent with those 
presented for an element test in González & Gens, 
(2010), where the wetting path of a triaxial test 
demanded both a higher computational cost and 
more substeps when Bishop’s stress and the implicit 
scheme were used.

6 CONCLUSIONS

The influence of partial soil saturation on the 
behaviour of a strip shallow foundation lying on 
a compacted silty soil was investigated through 
a series of FE analysis. Predicted ultimate foot-
ing load increases for larger depths of the G.W.L. 
Collapse of the foundation was computed when 
the G.W.L. rises to the ground surface, the higher 
the applied load before wetting the higher the 
settlements.

Regarding efficiency of the numerical algo-
rithms employed to solve the constitutive equa-
tions, implicit algorithm seems to be more efficient 

than explicit one for load footing at a given G.W.L., 
however, when the G.W.L is raised, the implicit 
algorithm requires greater amount of work to 
integrate the constitutive equations and the global 
equations than the explicit algorithm, particularly 
when higher loads are applied to the foundation 
before wetting.
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ABSTRACT: Settlement behaviour of foundation over unsaturated soil under the action of cyclic 
loading can be described by the inclusion of soil structure interaction considering nonlinear soil behav-
iour by the use of Macroelement formulation. The aim of this paper is to develop a framework of mac-
roelement consisting of coupled system of forces, foundation and the nonlinear behaviour of multiphase 
granular soil. The model simulates the ratchetting behaviour during cyclic loading of multiphase soil. 
This is achieved by modifying the bounding surface to account for the change in hardening behaviour of 
the soil during cyclic loading. The mathematical control over the ratchetting behaviour is established by 
obtaining the distance of the current stress state from the established image point. The modification of 
bounding surface as a mathematical control is done to simulate the cyclic accumulation of displacement 
for the soil under multiphase condition.

of cyclic loading under drained condition. Whereas 
the rapid and transient cyclic loading leads to the 
similar behaviour as that of cyclic loading under 
undrained condition. Accumulation of strain dur-
ing the cyclic loading is taken as the fundamental 
soil properties for the prognosis of structural resil-
ience. A macroelement capable to simulate cyclic 
loading will take into account of several important 
features of soil structure interaction including 
interaction of forces from structures, nonlinear soil 
behaviour, interaction of the soil structure inter-
face. (di prisco et al., 2002), proposed the cyclic 
macroelement model as an extension of static 
macroelement model from(Nova & Montrasio 
1991) by combining two constitutive model, bub-
ble model proposed by (Al-Tabbaa & Wood 1989) 
and the bounding surface model proposed by 
(Dafalias & Herrmann 1982). The proposed model 
is able to simulate the behaviour of foundation 
under cyclic loading and is also able to provide the 
prognosis of accumulation of cyclic strain.

This paper proposes a cyclic macroelement 
for multiphase granular soil by the modification 
of constitutive parameters of (Nova & Montra-
sio 1991) as proposed by (Wuttke et al., 2012) 
and introducing it in the cyclic macroelement as 

1 INTRODUCTION

1.1 Macroelement for shallow foundation

Macroelement is a space constituting coupled 
system of forces from super structure, soil half  
space and the boundary between them. The com-
plex behaviour of soil structure interaction can be 
conceived by the use of elastoplastic strain hard-
ening macroelement constituting the interaction 
between different structural forces acting on foun-
dation. The use of granular model like macroele-
ment constituting of few constitutive parameter 
and capable of delivering high ended results of 
Soil structure interaction reduces the ambiguity of 
model response and the complexity in the analysis 
of the system under consideration. Figure 1. shows 
the pictorial representation of macroelement con-
sisting of forces from structure and the arbitrary 
elasto-plastic region of soil under consideration of 
macroelement.

Macroelement for the dry sand has been pro-
posed by several authors including (Gottardis & 
Butterfield 1988, Nova & Montrasio 1991, Butter-
field and Gottardi 1994, Houlsby & Cassidy 2002, 
Grange 2008, Chatzigogos et al., 2009 etc.).

Macroelement for unsaturated soil has been 
proposed by (Wuttke et al., 2012) in which the 
model from (Nova and Montrasio 1991) has been 
extended to acount for multiphase behaviour.

1.2 Macroelement for cyclic loading

The repeating behaviour of cyclic loading leads 
to the several unique behavioral changes in the 
properties of soil. The small and repeated cycles 
with very low frequency gives rise to the behaviour 

Figure 1. Pictorial representation of macroelement of 
shallow footing (after di Prisco & Pisano 2011).
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proposed by (di prisco et al., 2002) to account for 
the prognosis of accumulation of cyclic displace-
ment with the change in soil suction.

2 EXPERIMENTAL STUDIES FOR 
MULTIPHASE GRANULAR MATERIAL

2.1 Properties of material used

The material used for the present investigation is 
Hostun sand (Flavigny et al., 1990). According 
to the USCS classification Hostun sand is poorly 
graded sand (SP). Main parameters of Hostun 
sand are provided in Table 1 and the grain size dis-
tribution is shown in Figure 2.

The SWCC of the Hostun sand was deter-
mined in the laboratory using modified pressure 
plate apparatus (Schanz et al., 2011) Figure 3. The 
modified pressure plate is able to measure soil suc-
tion in small steps by using hanging water column 
connected to the base of the pressure plate. The 
low suction values were determined by the hang-
ing water column technique. For the higher suc-
tion values from 3 to 100 kPa the air pressure is 
applied from the top and the water drained from 
the bottom of the sample is measured for the bal-
anced atmospheric pressure.

The volumetric water content, θ  corresponding 
to the applied suction values was computed from 
back calculations. Air-entry value ψaev and residual 
suction ψr is approximated to 1.9 kPa and 3.3 kPa 
respectively from SWCC of hostun sand presented 
in Figure 3.

2.2 Bearing capacity test

Being capacity of a rough surface model square 
footing with the size 100 mm x 100 mm was deter-
mined in a box, shown in Figure 4.

The box is capable of draining water from four 
of its opening located at the bottom so as to obtain 
desired suction in the specimen. The box has the 
dimension of 980 mm in length, 480 mm in height 
and 480 mm in width. Tentative value of suction 
was obtained by measuring the location of water 
table on the specimen from the surface. Precise 
measurement of suction is done by the use of ten-
siometer located at the different depth of the speci-
men from the surface.

(Bolton & Lau 1988, Cerato & Lutenegger 
2006) performed study of scale effect on the 
bearing capacity of granular soil. A notable effect 
on the bearing capacity of model footing was 
observed from numerical and experimental results. 
(Kusakabe 1995, Herle & Tejchamn 1997) proposed 
the threshold value of B/D50 ≥ 100 to avoid parti-
cle size effect on model test. With the dimension 
of footing 100 mm x 100 mm and D50 = 0.35 mm; 
B/D50 of used hostun sand is greater than the 
threshold value for the effect of particle size on the 
bearing capacity test. The height of the specimen 
is obtained by considering the general shear fail-
ure mechanism under the static vertically loaded 
footing such that the failure mechanism due to the 
footing will occur within the box and the boundary 
effect in the vertical direction can be ignored.

Table 1. Properties of hostun sand.

Properties Hostun sand

Specific gravity 2.65
Cu 1.50
Cc 1.11
Classification (USCS) SP
D50 0.35 mm

Figure 2. Grain size distribution of hostun sand used in 
the experimental investigation.

Figure 3. Soil-water characteristic curve of hostun sand 
(Wuttke et al., 2012).

Figure 4. Experimental setup for bearing capacity test.
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The sample was prepared by filling the sand in 
layers and compacted to obtain same void ratio of 
0.7 ± 0.02 in each test. After the preparation of the 
sample de-aired water was slowly filled from bot-
tom of the specimen to obtain saturated specimen. 
Form the saturated specimen, water was drained to 
set the water table to a desired level from the sur-
face. The suction of the specimen was measured by 
the use of tensiometer embedded in the specimen 
at different depth. The average value of measured 
suction up to the depth of 1.5B is calculated to 
homogenize the soil suction over the depth of spec-
imen and designated as the suction of specimen. 
During the test the suction is precisely controlled 
and kept constant in the soil sample by connect-
ing the box with the water reservoir. The friction 
angle of the specimen (Hostun Sand) is obtained 
from (Schanz & Vermeer 1996) for non-lubri-
cated foundation with the friction angle φ = 41.8˚. 
Automated data logging system was used to collect 
all the experimental data. Figure 5 summarizes the 
test result for load versus settlement curve.

The bearing capacity box was placed in a load-
ing frame as shown in Figure 4. Three different 
specimen; dry, saturated and unsaturated with an 
average suction of 2.1 kPa (approximately. equal to 
ψaev)was prepared. Displacement controlled loading 
with the constant rate of 0.0025 mm/s was applied 
on the footing until a failure load was reached.

3 CONSTITUTIVE MODEL

Assessment of cyclic displacement on the 
foundation can be done by the use of constitu-
tive models which uses general coupling behaviour 
of soil and structure during cyclic loading in the 
form of spring and dash-pods and can be simpli-
fied by the use of strain hardening elasto-plastic 
theory. The system of springs can be substituted 
by elastoplastic macroelement from (Wuttke et al., 
2012) which takes into account of multiphase 
soil behavour. The different forces acting over the 
foundation and their corresponding displacement 
are shown in Figure 6.

The different forces and displacement associ-
ate with macroelement can be expressed math-
ematically as generalized force vector Q and the 
associated displacement vector q. The forces in 
generalized force vector are normalized with uniax-
ial limiting vertical force and moment is normal-
ized additionally by width to obtain dimensional 
homogeneity Eq. (1). For the fulfillment of criteria 
of work conjugate, associated displacement vec-
tor is scaled with uniaxial limiting vertical force 
Eq. (2). The generalized force and displacement 
vectors and the extended formulation of macroe-
lement for unsaturated soil from (Wuttke et al., 
2012) is expressed as,
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where, (ψ) represents suction dependency of param-
eters, H denotes horizontal load, M, generated 
moment, V, vertical load and Vm(ψ) maximum cen-
tric uniaxial vertical load capacity of macroelement 
for particular soil suction. μ, slope of failure enve-
lope at the origin in H—V plane, ψM(ψ), slope of 
failure envelope at the origin in M-V plane, B, width 
of foundation, ν and u are displacement in vertical 
and horizontal direction and θ angle of rotation.

3-D failure surface of macroelement for 
multiphase soil from (Wuttke et al., 2012) is 
expressed as

[ ( )] [ )] )( )]ψ ψ)] [ ()]) [ ξ ψ(( )) β ψ( )( )2 2[ ( )][ 2 2 0)β ψ(2−)]ψ( ))[ 2( )][ ψ( ))[ [ ])ξ ψ( )(1 )ξ( )( )  (3)

where, β(ψ) is a constitutive parameter which con-
trols the shape of the failure envelope.

The loading function of macroelement for mul-
tiphase soil is postulated as the function of load 

Figure 5. Experimental results of load versus settle-
ment tests. Figure 6. Forces acting over macroelement and the 

associated displacement (Wuttke et al., 2012).
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vector Q, the history of macroelement ρc and the 
soil suction as;

f h
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The ρc lies in the interval 0, )1 .( { }0 1= { 00  
When ρc = 1 loading function coincides with failure 
surface.

The plastic potential which defines the direction 
of plastic strain is defined as function of load vec-
tor varying with soil suction as,
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where, λ = μ/μg, χ(ψ) = ψM/ψg and ρg is a dummy 
variable and its numerical value has no significance 
in flow rule. μg and ψg are constitutive parameters. 
Hardening function ρc is introduced containing 
nondimensional constitutive parameters α and γ, 
and the initial slope of the tangent of force dis-
placement curve for centric vertically loaded foun-
dation, R0(ψ) as, Eq. (6),

ρ
υ

cρρ
m

R υ
( )ψ = − −

( )ψψψ ( )αuαα + ( )γ θ( )ψψ

( )ψ

⎛

⎝

⎜
⎛⎛

⎜
⎝⎝

⎜⎜
⎞

⎠

⎟
⎞⎞

⎟
⎠⎠

⎟⎟1 0RR 2υυ 2 2

exp
[ ]mVm ( )ψ

.

 
 (6)

The incremental plastic strain dq
p(ψ)for a given 

state of stress is obtained as, Eq. (7),

d
gpqdd
Q

( )ψψ ( )ψ
∂ ( )ψ
∂ ( )ψ

Λ ,
 

(7)

In formulating cyclic behaviour we need to have 
parameters which can define several behaviours 
observed during cyclic loading. For this achieve-
ment we need to modify the constitutive relation 
which is capable of generating realistic cyclic 
behaviour. The model from (di Prisco et al., 2002) 
is followed with amendment on it to describe the 
cyclic phenomenon of multiphase soil. A bounding 
surface with the same shape that of yield surface is 
assumed to be located in between failure envelope 
and origin Figure 7. The co-ordinates of Current 
stress point p lies well within the region of bound-
ing surface. The cap of the cone is assumed to be 
spherical. The cone evolves during the monotonic 
loading and remains in elastic state and can change 
in shape and size while maintaining the elastic 
state. The cap of the cone maintains the boundary 
between the elastic and plastic state of stress. By 

locating the image point on the bounding surface 
which is obtained by connecting the current state 
of stress with the path of the cyclic stress and 
introducing a parameter which locates the distance 
of current state of stress from image point, plastic 
accumulated strain during the cyclic loading when 
the current state of stress is well within the bound-
ing surface can be obtained.

The modified plastic generalized strain pro-
posed by (di Prisco et al., 2002) is further extended 
with the proposed formulation from (Wuttke et al., 
2012) to account for the cyclic loading under mul-
tiphase soil as,
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where subscript I represent the value at the image 
point. The term φc(ψ) considers the cyclic behaviour 
of soil during cyclic loading and can be expressed 
in matrix form as,
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(9)

The term φcii(ψ) consists of the constitutive 
parameters ς(ψ), κ(ψ) and the memory parameter 
ρk(ψ) expressed in Eq.(10) which is updated when 
a new memory surface is reached during cyclic 
loading. The extended ρk from (di Prisco et al., 
2002) to account for the memory retaining prop-
erties during cyclic loading for multiphase soil is 
expressed as;
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Figure 7. Extended bounding surface with current state 
of stress and location of image point for cyclic loading, 
(di Prisco et al., 2002).
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4 NUMERICAL RESPONSE

Numerical response of unsaturated soil is obtained 
by extracting the model dependency parameters 
from the experimental results. As outlined by 
(Wuttke et al., 2012) few of the model parameters 
are influenced by the multiphase behaviour of the 
soil and other parameters can be taken as a con-
stant as forwarded by (Montrasio & Nova 1997). 
The parameters influnced by multiphase condition 
of soil are Vm(ψ) and R0(ψ). Vm(ψ) and R0(ψ) are 
obtained from the experimental result as outlined 
in Figure 5 and Figure 8. respectively. The differ-
ent values of R0(ψ) and Vm(ψ)from experimental 
results obtained from Figure 5 are presented in 
Table 2.

For the numerical simulation of cyclic loading 
amplitude of 0.1 kN with the static load of 0.8 kN 
was used. The initial displacement corresponding to 
the static load of 0.8 kN obtained from experimen-
tal results from Figure 5. was used as the starting 
point of the cyclic load. The model is simulated to 
obtain the response for the small frequency and for 
the drained condition. The ratchetting behaviour 
and the accumulation of plastic displacement for 
saturated, dry and unsaturated sand are shown in 
Figure 9–14. The values of cyclic parameters asso-
ciated with the model are presented in Table 3.

5 CONCLUSION

The Numerical model formulated herein was 
able to simulate the ratchetting behaviour of 
sand under the saturation of different fluid and 
unsaturated condition for small amplitude under 

Table 2. Variation of ultimate load and slope of initial 
tangent with soil suction (from Figure 5).

Suction (kPa) Vm (kN) R0 (kN/mm)

0 1.12 0.252
2.1 6.4 0.822
Dry 1.86 0.533

Figure 8. Slope of initial tangent R0 for the centric ver-
tical loading for the a particular value of suction (Wuttke 
et al., 2012).

Figure 9. Numerical response of ratchetting behaviour 
of saturated sand.

Figure 10. Numerical response of accumulation of 
plastic displacement of saturated sand with number of 
cycles (n).

Figure 11. Numerical response of ratchetting behav-
iour of unsaturated sand with suction 2.1 kPa.

Figure 12. Numerical response of accumulation of 
plastic displacement of unsaturated sand (2.1 kPa) with 
number of cycles (n).

Figure 13. Numerical response of ratchetting behav-
iour of dry sand.

CAICEDO.indb   525CAICEDO.indb   525 12/27/2012   5:02:17 PM12/27/2012   5:02:17 PM



526

drained condition. The influence of the suction 
dependent soil parameters R0(ψ) and Vm(ψ) over 
the ratchetting behaviour was observed from the 
accumulation curve. The unsaturated sand has 
quantitatively lower accumulation of plastic dis-
placement compared to water saturated and air 
saturated sand. The higher value of ultimate load 
Vm(ψ) and the slope of initial tangent R0(ψ) for the 
unsaturated sand have shown the significant influ-
ence on the accumulation behaviour of the plas-
tic strain during cyclic loading. The influence of 
soil suction on the cyclic constitutive parameters 
of the model, ζ(ψ) and κ(ψ) is also observed. The 
model has shown its competence for simulating the 
cyclic accumulation of plastic displacement for the 
change in soil suction. However due to the small 
number of experimental result the values of con-
stitutive parameters is not obtained for the wide 
range of suction and for the variety of existing soil 
type.
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ABSTRACT: BEST—Beerkan Estimation of Soil Transfer parameters—is an algorithm for estimating 
the entire set of unsaturated soil hydraulic properties using the inverse analysis of particle size distribution 
and the water cumulative infiltration curve obtained by the Beerkan method (single ring infiltration test at 
zero water pressure head). The required both experimental setup and data are presented. BEST physical 
principles are discussed with regards to both field experimental and analytically generated data. Examples 
of specific cases are detailed to point at method applicability (i.e., soil-dry initial condition, soils with no 
hydrophocity). BEST is discussed regarding its ease of use, efficiency and robustness. Perspectives are 
proposed for its ongoing development and improvement.

from a single ring at a zero pressure head (Braud 
et al., 2005), proved to be a low cost and robust 
method for characterizing soil hydraulic proper-
ties, even at the watershed scale. Lassabatere et al. 
(2006) proposed the BEST (Beerkan Estimation of 
Soil Transfer parameters) algorithm for estimat-
ing the complete set of unsaturated soil hydraulic 
properties using the inverse analysis of particle size 
distribution and the water cumulative infiltration 
curve obtained by the Beerkan method.

This article aims at presenting BEST method 
and reviewing its recent improvement. Two main 
versions were proposed, the original version 
(Lassabatere et al., 2006) and a new version modi-
fied for coarse material (Yilmaz et al., 2010). The 
main difference between the two methods lies in the 
inversion algorithm of infiltration, but the physi-
cal principles remain the same. Recently, works 
focused on the improvement and the validation of 
the inversion procedure using analytical generated 
data. In addition, a new Graphical User Interface 
(GUI) has been developed in order to ease the use 
of BEST algorithm. All these aspects are presented 
successively with prospects for future development.

2 BEERKAN INFILTRATION 
EXPERIMENT

2.1 Beerkan field data

Beerkan infiltration experiment consists of 
three types of measurements and sampling: an 
undisturbed soil core to measure both the initial 

1 INTRODUCTION

Modeling water fluxes in the vadose zone linking 
surface water with groundwater is important for 
understanding the hydrological cycle and the trans-
fer of water-transported contaminants. Unless 
preferential flow is involved (Feddes et al., 1988), 
variably-saturated water flow is usually modeled 
using the Richards’ equation, written as following 
with cylindrical coordinates:
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(1)

where h stands for water pressure head, C(h) is the 
hydraulic capacity corresponding to the deriva-
tive of volumetric water content, θ with respect to 
capillary pressure head, h. In any case, modeling 
requires knowledge of soil hydraulic properties, 
such as the water retention curve, θ(h) and the 
hydraulic conductivity function, K(θ).

Analysis of water infiltration experiments has 
become a widely used practice for obtaining soil 
hydraulic properties (Perroux & White, 1988). Sev-
eral experimental devices, often based on the ten-
sion disc infiltrometer or in situ lysimeters, have 
been developed for this purpose. Water infiltra-
tion data are then inversely analyzed using either 
analytical or numerical models (Simunek & van 
Genuchten, 1996; Mallants et al., 1997; Angulo-
Jaramillo et al., 2000).

Among many water infiltration experiments, the 
Beerkan method, consisting of infiltrating water 
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volumetric water content, θ0 (L3 L−3) and dry bulk 
density, ρb (ML−3); the particle size distribution 
(PSD) and an axisymmetric water infiltration test. 
The experimental cumulative infiltration is meas-
ured using a ring of a radius rd, with a constant 
zero pressure head at the soil surface. A series of 
known volumes of water (k = 1 to ntot, ntot = number 
of volumes of water) is poured into the cylinder 
and time is recorded when water has infiltrated 
into the soil (Figure 1). Experimental data are rep-
resented as the cumulative infiltration depth, Ik as 
a function of time, tk. It is recommended to per-
form the experiments at uniform initial volumetric 
water content less than 0.25θs.

2.2 Soil hydrophobicity restriction

The use of BEST algorithm to estimate unsatu-
rated hydraulic parameters proved to be effi-
cient to characterize several soil-types either at 
local, plot or catchment scales (Mubarak et al., 
2008; 2009a,b; Souza et al., 2008; Lassabatere 
et al., 2010; Gonzalez-Sosa et al., 2010; Cannavo 
et al., 2010 and many others). Otherwise, when the 
soils are extremely dry and/or with high organic 
matter content, soil hydrophobicity impacts the 
soil hydraulic behavior. Such effect is depicted in 
Figure 2. Hydrophobicity reduces flow at the very 
beginning of infiltration. Once the soil becomes 
wetter, the hydrophobicity decreases inducing 
lower resistance to flow, resulting in an increase in 
infiltration rate. This leads to the specific convex 
shape (Figure 2, hydrophobic soil) whereas cumu-
lative infiltration should exhibit a concave shape 
(Figure 2, non-hydrophobic soil). In some cases, 
hydrophobicity can be strong enough to com-
pletely prevent water infiltration. In the case of 
hydrophobic soils, BEST should not be used even 
if  the restriction θ0 < 0.25θs is satisfied.

3 BEST METHOD

3.1 BEST-SLOPE algorithm

The BEST (Beerkan Estimation of Soil Transfer 
parameters) algorithm (described below) assumes 
that the soil water retention function, θ (h) 
referred to as VG-WRF is described using the van 
Genuchten’s equation (van Genuchten, 1980) and 
hydraulic conductivity function is described by a 
Brooks and Corey along with Burdine’s capillary 
model:

θ θrθ
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η =
−

+
2

2
3

n  
(2d)

where, α ( = hg
−1) = inverse of scale parameter for 

the pressure head, θr and θs = residual and satu-
rated volumetric water contents, respectively, n and 
m = water retention curve shape parameters, Ks rep-
resents the saturated hydraulic conductivity, and η 
is the shape parameter of hydraulic conductivity 
relationship.

BEST algorithm assumes that θr = 0 (Haverkamp 
et al., 2006; Leij et al., 2005) and θs is known, 
whether measured in-situ, or estimated from the 
soil porosity. Then, BEST estimates firstly the 

Figure 1. Beerkan infiltration test at null pressure 
head.

Figure 2. Effect of hydrophobicity on cumulative 
infiltration on a sandy soil: under dry initial condi-
tion (θ0 = 0.02 m3 m−3) and for wetter initial condition 
(θ0 = 0.10 m3 m−3); in both cases the condition θ0 < 0.25θs 
is satisfied; BEST can be used only when the soil exhibits 
no hydrophobicity effect.
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hydraulic shape parameters (i.e. n, m and η) from 
the analysis of both soil porosity and particle size 
distribution and secondly the scale parameters 
(i.e., α or hg and Ks) from the analysis of cumu-
lative infiltration. The experimental PSD is fitted 
to Eq. (3) to derive the textural shape parameter 

Figure 3. Particle size distribution PSD measured and 
fitted model and hydraulic shape parameters using BEST 
for a sandy soil.

Table 1. Equations for particle size distribution (PSD) 
and analytical cumulative infiltration model (CI) used 
in BEST.
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CI—quasi exact implicit model (Haverkamp et al., 1994)
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CI—transient model (short time, t→0)
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CI—steady state model (asymptotic model, t→+∞)
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CI—maximum time for validity of transient model
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CI—model constants
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N and the related texture shape index (Haverkamp 
et al., 2006) (Figure 3). Hydraulic parameter n is 
deduced from the value of texture shape parameter 
through pedotransfer functions detailed in Lassa-
batere et al. (2006).

Steady state infiltration rate, q+∝, is estimated 
through fitting the steady state model (Eq. 6) on the 
i last points of the experimental infiltration curve; 
by default i = 3. Then, the transient model (Eq. 5) 
is fitted to the experimental cumulative infiltration 
in order to estimate the sorptivity S (Figure 4). The 
model inversion is performed assuming the follow-
ing relation between sorptivity, S and saturated 
hydraulic conductivity, Ks:

ASsKK −q+∞
2

 (9)

The best-fit is performed incrementally for trun-
cated datasets with k data points ((t1,I1) … (tk,Ik)) 
with k ≤ ntot (Lassabatere et al., 2006). For each 
subset, optimum values of Sk, Ks,k and tmax,k are 
calculated and by a iterative selection process, the 
final value S and Ks are chosen for the largest tk 
that fulfills the condition tk ≤ tmax,k; tmax denotes the 
limit validity time of the transient flux equation 
(Table 1, Eq. 7).

Finally, the retention curve scale parameter, hg, 
is calculated using the following equation:
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Where cp = a proportionality constant calculated 
from shape parameters of the soil hydraulic 
functions (Lassabatere et al., 2006). Then, the set 
of hydrodynamic parameters (i.e., n, m, η, α, Ks, 
θr and θs) and the related hydraulic characteristic 
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curves are completely determined. This method is 
referred to as BEST-SLOPE since it uses the slope 
of the steady state model to define a constraint 
between sorptivity S and saturated hydraulic con-
ductivity Ks during the inversion procedure.

3.2 BEST-INTERCEPT algorithm

The use of BEST-SLOPE algorithm has proven 
adequate in many cases. Yet, in certain cases, this 
algorithm led to erroneous negative values for satu-
rated hydraulic conductivity. This results from the 
subtraction of too large value for AS2 to steady 
state infiltration rate q+∝ in Eq. (9). This may occur 
when AS2 >> Ks and when q+∝ is underestimated, 
in particular for coarse soils (Yilmaz et al., 2010). 
Under such conditions, Eq. (9) is inappropriate.

Instead of considering the slope of the cumula-
tive infiltration, the BEST-INTERCEPT method 
considers the intercept, b+∞ of  the steady state 
model Eq. (6) to fix the relationship between sorp-
tivity, S and saturated hydraulic conductivity, Ks 
(Figure 4):

K
C S
bsK =

+∞b

2

 
(11)

Eq. (11) constraint between S and Ks avoids neg-
ative values for the estimation of Ks. This version 
of BEST is found to be less sensitive to experimen-
tal errors, in addition to being more robust and 
able of performing an efficient inverse analysis of 
cumulative infiltration for coarse soils.

3.3 Analytical validation of BEST algorithms

Infiltration data were generated using the quasi-
exact implicit analytical model (Table 1, Eqs. 4) 
for a unit reference sorptivity, Sref and saturated 
hydraulic conductivity, Ks,ref to be used as reference 

data. We suppose dry initial conditions and K0 as 
negligible. Then, the whole reference infiltration 
was truncated to provide different data subsets. 
The calculations were also performed for several rd 
values. For the largest, quasi infinite radius, cumu-
lative infiltration corresponds to 1D water infiltra-
tion. The smallest radius was taken as one fifth of 
the scale parameter for water pressure head, hg, 
which is quite usual for most field studies.

Figure 6 depicts the evolution of the ratio 
between estimated and target values in function 
to the maximum time of the infiltration subset. 
Time is scaled using the gravity time tgrav defined 
by Philip (1969). If  steady state is not reached 
(t * <5, Figure 6), estimations of steady state slope 
and intercept are erroneous (data not shown) and 
Ks and S are misestimated. In particular, Ks can 
be overestimated by several orders of magnitude. 
Overestimation of Ks, and underestimation of S, 
lead to significant underestimations of water pres-
sure head scale-parameter, hg (see Eq. 10). In oppo-
site, when steady state is reached and t * >5, RS and 
RK tend towards unity for both BEST-SLOPE and 
BEST-INTERCEPT proving that the estimations 
of S, Ks and then hg are accurate.

Moreover, it can be shown that the disc radius 
plays an important role (data not shown) regard-
ing the choice of the method. Better estimations 
are obtained with BEST-INTERCEPT for very 
small disc radii and with BEST-SLOPE for larger 
radii. Indeed, in all cases, both BEST algorithms 
can be considered as trustful with errors less than 

Figure 4. Fitting transient model Eq. (5) and steady 
state model Eq. (6) to cumulative infiltration data and 
estimation of hydraulic scale parameters of a sandy soil.

Figure 5. BEST-SLOPE and BEST-INTERCEPT for 
the analysis of cumulative infiltration coarse material.
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5% on both sorptivity and hydraulic conductivity, 
provided that steady state is reached.

4 GRAPHIC USER INTERFACE, GUI

A GUI (Graphical User Interface) was developed 
to ease the use of BEST. BEST was encoded in the 
Windows® environment using Scilab free software 
(Campbell et al., 2006). BEST is available from the 
authors of this paper upon request, for the two 
versions BEST-SLOPE and BEST-INTERCEPT 
(Figure 7; Lassabatere & Angulo-Jaramillo, 2012). 
The inputs (i.e. dry bulk and mineral densities, ini-
tial volumetric water contents, disc radius, PSD 
and cumulative infiltration) are introduced as a 
“input.txt” file. The user opens and launches BEST 
file through the Scilab editor interface. Then the 
user follows step by step the instructions printed 
on dialog boxes. BEST ask first for the location of 
the input file. Then, the user selects the data to be 
fitted to PSD model. Aftermath, the user selects 
also the water infiltration data to be fitted to the 
transient and steady states models. Eventually, the 
cumulative infiltration can be truncated and reini-
tialized at the beginning in case of unusual strong 
infiltration for the one or two first volumes of 
water. After the process, the results are printed out 

Figure 6. Analytical validation: ratios estimations / 
target values for sorptivity (RS) and saturated hydraulic 
conductivity (RK) in function to the truncation non-di-
mensional time of cumulative infiltration data t = tmax/tgrav 
(Eq. (7b)).

Figure 7. Example of BEST-GUI windows for visualization of data, simulated infiltration and results of estimated 
unsaturated hydraulic parameters (Lassabatere & Angulo-Jaramillo, 2012).
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as graphs dialog boxes. All calculated parameters 
and user’s choices are saved into a “result.txt” file.

5 CONCLUSIONS

BEST algorithms aim at the analysis of single-ring 
water infiltration experiments under null water 
pressure head (the so-called Beerkan method) for 
the complete estimation of soil hydraulic param-
eters. It proposes a robust, easy and inexpensive 
method. This article reviews the versions from 
Lassabatere et al. (2006) and Yilmaz et al. (2011). 
Then, the algorithms are validated against experi-
mental and analytically generated data, which 
helps in pointing out at some limitations. At last, 
the article presents the recent developments and 
the ongoing works. BEST seems to be a promising, 
low cost and efficient method to get the complete 
set of soil hydraulic parameters. This is the first 
step required for the modeling of water infiltration 
in the vadose zone and for the understanding of 
water cycle at the catchment scale.
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Unsaturated flow of unfrozen water in frozen soils
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ABSTRACT: The permanently frozen ground in the northern latitudes is known as permafrost. The 
behavior of frozen soils has some particular features that go beyond the classical soil mechanics theory. 
Some typical problems associated with them are (amongst others): frost heaving and thaw settlement. 
Civil infrastructure and buildings in frozen areas are strongly affected by such kind of phenomena. 
A good understanding of the water transfer process in frozen soils and its interaction with the mechani-
cal problem are crucial for describing correctly the permafrost behavior. In frozen soils the void space is 
partially filled by ice and partially filled by unfrozen water. The amount of unfrozen water in a frozen soil 
depends on a number of factors, such as: freezing temperature, type of soil and void size. The ability of 
a frozen soil to retain unfrozen water can be related to the cryogenic suction (i.e. difference between the 
ice and liquid pressures). The flow of unfrozen water in frozen soils can be explained using concept of 
unsaturated water flow in soils. This paper focuses mainly on the transfer of unsaturated water in frozen 
soils and its modeling. The approach is based on a formulation for unsaturated soils, which has been 
adapted to the particular conditions of frozen soils. Laboratory tests related to the flow of unfrozen water 
in permafrost are analyzed and discussed.

and hydraulic behavior of the frozen soil. There-
fore studying this migration of the unfrozen water 
forms an essential component in understanding 
frozen soil behavior.

There have been several streams of work which 
have been conducted to replicate the behavior of 
frozen soils based on the equilibrium between the 
frozen and unfrozen components. These include 
the hydrodynamic model (Harlan, 1973), the rigid 
ice model (Miller, 1978), the segregation potential 
model (Konrad & Morgenstern, 1981) based on 
this relation.

The interaction between the frozen and unfro-
zen components in frozen soils was observed to be 
similar to the interaction between the phases of 
(unfrozen) unsaturated soils. The representation 
of the three phases for the unfrozen unsaturated 
soils and frozen soil is seen in Figure 1. The cryo-
genic suction can be defined as the excess of the ice 
pressure over liquid pressure. Clausius–Clapeyron 
equation can be used to relate temperature, liquid 
and pressures.

A coupled thermo-hydro mechanical (THM) 
framework for frozen soils based on the behavior 
of unsaturated soils was proposed by Nishimura 
et al., (2008). Previous studies (Thomas et al., 2009, 
Selvadurai et al., 1999, Nishimura et al., 2008) were 
mainly focused on systems which have (unlimited) 

1 INTRODUCTION

Geotechnical investigations on the behavior frozen 
soils have received particular attention for the last 
six decades. Permafrost underlies about 24% of the 
Northern hemisphere landmass and the resource 
and transport development in these areas requires 
the performance of major engineering works. 
Engineering problems include, freezing of founda-
tions, thawing settlement/distress, glacial and per-
iglacial slope movements, construction of roads, 
railways, bridges and pipelines to transport essen-
tial commodities including oil. These effects are 
also important in lieu of effects of global warm-
ing which could potentially alter regions that were 
once permanently frozen.

Originally it was understood that the behavior 
of frozen soil is only a consequence of the expan-
sion caused due to phase transformation of water 
to ice. It was then theorized (Taber, 1929), water 
may be present well below freezing temperature. 
This was later quantified by Beskow (1935) and 
Everett (1961) and experimentally proved by Tice 
et al. (1988), using the pulse nuclear magnetic reso-
nance technique. The movement of this “unfrozen 
water” is attributed to be one of the causes of frost 
heave and the formation of ice lens in the soil. It is 
also seen to a have major influence on the thermal 
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access to free water (open system). There is limited 
information about systems which do not have the 
access to free water (closed system).The current 
work focuses on the movement of unfrozen water 
in frozen soils in closed system. For hat end the 
numerical program CODE_BRIGHT (Olivella 
et al., 1996) has been adapted to deal with the pres-
ence of ice and unfrozen water in porous media.

2 FLOW MODELING IN UNFROZEN 
SOILS

The similarity found between the behavior of fro-
zen soils and the behavior of unsaturated unfrozen 
soils is well observed and documented (e.g. Tho-
mas et al., 2009, Liu and Yu 2011). Noting this 
similarities Nishimura et al. (2009), proposed a 
coupled THM formulation to model the behavior 
of frozen soils.

The equilibrium of the chemical potentials 
between liquid water and ice phases is described 
by the Clausius–Clapeyron equation, which can be 
expressed as

−( ) + =− dT v dP v−d dP1 1dPd 2 2dPP 0
 

(1)

where s and v are the specific entropy and the spe-
cific volume respectively, T is the temperature on 
the thermodynamic scale, P is the pressure, sub-
scripts 1 and 2 represent the two phases. The dif-
ferential form can be integrated using atmospheric 
pressure and the temperature 273.15 K as refer-
ences, to give

P P li iPP l lρPi l lPP =lρPl llPP ( )T  (2)

where Pi and Pl are the ice and liquid water pres-
sures respectively, T is in °K, ρl is the liquid den-
sity, ρi is the ice density, and l is the latent heat of 
fusion.

The freezing characteristic curve relates the 
degree of saturation of the unfrozen water to the 
difference in the pressure of the ice and liquid 
water, which is designated as cryogenic suction ‘s’ 
(i.e. s = Pi − Pl). The van Genuchten (1980) model 
has been employed here to represent the freezing 
characteristic function given by,

SlS ( )P( )P PiPP lPP−⎡
⎣⎣⎣

⎤
⎦⎥
⎤⎤
⎦⎦

−
1

1 1 λ λ

 
(3)

where, Sl is the degree of saturation of unfrozen 
water, P and λ  are model parameters.

Mass conservation of pore water is expressed as,

∂ ∂ ( )+ ∇( )t ( f) + ∇( ) = w))  
(4)

where, φ  is the porosity, ql is the liquid flux and fw 
is the water sink/source term. The flux is calculated 
from Darcy’s law as,

ql rl lk k ( )gl lP∇l k ( l llPl∇ −
 

(5)

where, krl is the relative permeability, μlμ is the vis-
cosity, and k is the intrinsic permeability. The liq-
uid relative permeability depends on the degree 
of saturation through, for example, the cubic law 
given as follows,

k Srlk lSλ
 (6)

where, λ  is a model. The viscosity of liquid (μl in 
[Pa s]) is calculated using the following expression.

μlμ
T

=
+
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⎠⎠

e10 6 xp
 

(7)

The mathematical formulation is completed 
with the balance of internal energy as detailed in 
Olivella et al. (1994). A main assumption behind 
the mass balance of energy is that thermal equilib-
rium between the three phases (i.e. solid, ice and 
liquid).

A schematic representation of a frozen ground 
with a possible variation of temperature in depth is 
presented in Figure 2. The minimum temperature 
is acting at the ground surface, a temperature equal 
to zero °C is assumed at the top of the unfrozen 
zone (i.e. at the contact between partially frozen 
zone and the unfrozen one), and a linear variation 
of temperature (joining these two points) is also 
assumed. Obviously, actual (changing) conditions 
may vary from this hypothetical case.

The probable distribution of liquid pressure, ice 
pressures, liquid and ice saturations resulting from 

Figure 1. The three phases in frozen soils (top) and 
unfrozen unsaturated soils (bottom).
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the assumptions presented above are also presented 
in Figure 2 (e.g. obtained after working with equa-
tions 2 and 3). 

Three zones can be distinguished: i) the frozen 
zone, where the soil is completely frozen (and ice 
saturation is nearly equal to one); ii) the unfrozen 
zone, where the soil is partially saturated with ice 
and liquid; and iii) the unfrozen zone where the 
unfrozen water takes place in the unfrozen zone.

The significant gradients of liquid pressure gen-
erally develop in natural freezing conditions drive 
the movement of unfrozen water in frozen soils. 
The following section presents an already pub-
lished experimental campaign looking at the flow 
of water in frozen soils.

3 LABORATORY TESTS ON FROZEN 
SAMPLES

Xu et al. (1998) investigated the mechanism of 
frost heave and salt expansion in soils primarily 
found in regions in and around China. The experi-
mental setup analyzed here is based on the water 
migration in freezing soils for a closed system 
(Xu et al., 1998).

The properties of the soil specimen used for this 
test are given in Table 1. Details of the experimen-
tal preparation are provided in Xu et al. (1998). 
Remolded Lanzhou Sand was first air dried and 
mixed with distilled water to reach the desired 
water content.

Water seepage was prevented by wrapping the 
soil in a plastic film. The soil was then consolidated 
for three days. Soil columns were then cut down to 
12 cm to be used for testing. The samples were then 
placed in a constant temperature chamber.

Thermocouples were fixed at every 2 cm along 
the wall of the soil box. The perimeter of the box 
was insulated using a 10 cm thick insulation mate-
rial. The temperature of the soil sample was con-
trolled using plates at the top and the bottom of the 
sample. A linear temperature gradient was applied. 
The linear profile of temperature was established 
across the soil specimens as shown in Figure 3.

Similar experiments were performed for Mon-
golian sand, silt and clayey soil samples, but the 
samples were cut to 15 cm. The properties of the 
silt and the Lanzhou samples are listed in Table1.

The final water content of the sample was deter-
mined for the samples at different depths. Figure 
below show some typical results from Xu et al. 
(1998) study. The observation for the samples for 
the silt sample is shown in Figure 4. It can observe 
that, the flow rate is greater at high temperature 
end of the samples and the flow rate recedes with 

Figure 2. Schematic representation of a frozen soil 
profile; showing a tentative variation of temperature in 
depth, alongside with the variation of liquid and ice pres-
sure, and liquid and ice saturations

Figure 3. Linear profile of temperature for silt and 
Lanzhou sand.

Table 1. Properties of soil samples used on the 
experiment.

Property Silt Lanzhou sand

Salinity (%) 0.3 0.3
Dry density ρd (g/cm3) 1.56 1.52
Initial water content (%) 23.23 15.99
Temperature gradient 
grad θ (°C/cm)

0.26 0.13

Specific gravity 2.71 2.71
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a decrease in temperature. The following sec-
tion focuses on the modeling of some of these 
experiments.

4 CASE STUDY MODELING

The finite element analyses were conducted to rep-
licate the conditions in the silt and Lanzhou sand 
samples (Xu et al., 1998). As mentioned, the pro-
gram CODE_BRIGHT was used for the numerical 
simulations. Figure 5 presents a schematic repre-
sentation of the solved problem together with the 
mesh adopted for the numerical simulations (366 
elements for the case of the Lanzhou sand).

Table 2 presents the parameters adopted for the 
retention curve (3), intrinsic permeability (5) and 
relative permeability (6). The parameters have been 
back calculated from the experiments.

Figure 6 presents the variation of the relative 
permeabilities (both liquid and ice) with the degree 
of saturation based on the cubic law (6).

The variation of degree of saturation with 
cryogenic suction represented through the reten-
tion curve for Lanzhou sand and silt are shown in 
Figure 7.

The comparison of the flux across the samples 
for the model and test data is shown in Figures 8 
and 9 for the silt and Lanzhou sand respectively. 
The modeling results of the flow rate are seen to be 
in concurrence with the experimental results

The decrease is attributed to the formation of a 
greater fraction of ice, thereby reducing the degree 
of water saturation in the soil. The drop in the 
degree of saturation reduces the relative perme-
ability and lowers the flow rate

The comparison of the behavior of the silt and 
Lanzhou samples it can be seen that the water 
migration is higher in the Lanzhou sand. The 
Lanzhou sand is seen to have a more open structure 
and produces a higher flow rate. However despite 
an increase in the intrinsic permeability, the higher 
suction produced as a result of higher temperature 
gradient in the silt produces a large flow rate.

Figure 4. Variation of water migration for different silt 
samples.

Figure 5. Finite element mesh and the schematic 
representation of the numerical model.

Table 2. Model Parameters.

Equation
Parameters 
designation Silt

Lanzhou 
sand

Retention Curve P (MPa) 4.2 1.3
λ 0.63 0.84

Intrinsic 
permeability

k (m2) 4.0E-18 9.8E-18

Relative 
permeability

λ 3 3
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Figure 6. Variation of relative permeability with the 
degree of saturation.
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5 CONCLUSIONS

This paper analyses the flow of unfrozen water in 
frozen soils. The partial liquid saturation in frozen 
soils can be expressed in term of cryogenic suction. 
The movement of liquid water in frozen soils can be 
modeled by a generalized Darcy law which depends 
on the intrinsic permeability and a relative perme-
ability. The transfer of liquid water is driven by the 
gradient of cryogenic suction. Already published 
experiments on frozen samples have been modeled 
using the concepts explained above. To that end, 
a formal coupled thermo-hydraulic framework 
based on balance equations has been used in this 
work. The comparisons between models result and 
experimental observation shows that the proposed 
approach captures the main tendencies observed in 
the experimental campaign
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ABSTRACT: One of the most important causes of landslides in tropical zone is infiltration due to 
rainfall. In this case, slope stability analyses are usually done by deterministic methods. Nowadays, papers 
and reports which combine Limited Equilibrium Method (LEM) and Finite Element Method (FEM) 
are more common. In this paper, FEM is used to analyze seepage problem and LEM is used to deter-
mine safety factor. In addition, associating probabilistic analyses to LEM and FEM can improve the 
results and lead to a better understanding of landslides induced by rainfall. Thus, the First Order Second 
Moment (FOSM) method is used to quantify the influence of mechanical and hydraulic parameters in 
safety factor. Furthermore, the porewater pressure field is determined by SEEP/W (Geo-slope Interna-
tional, 2004a) and used as input in LEM analyses. Results show that the influence of each parameter in 
safety factor changes with time during the infiltration process.

2 PROBABILISTIC METHOD

Uncertainty is always present in geotechnical 
analysis. Natural variability of the soil or limited 
knowledge of its behavior is reflected in the consti-
tutive models used to their representation. Accord-
ing to Mašín (2009), these uncertainties are in 
geotechnical engineering commonly accounted for 
using deterministic concepts, such as scaling the 
uncertain values of material parameters to calcu-
late different safety factors. However, this approach 
giving a false security in some cases because it 
ignores the uncertainty of the variables involved. 
At present, different probabilistic methods to eval-
uate the effects of variability are performed.

Probabilistic methods are normally used to 
evaluate statistical distribution of a performance 
function Y = g(X1,X2,…,Xn) based on known sta-
tistical features of input variables Xi. Due to its 
complexity, the probabilistic methods can be clas-
sified into three categories: methods which do not 
consider spatial randomness of input variables, 
methods which consider spatial variability of input 
variables and hybrid methods. Methods which 
neglect spatial variability are commonly used in 
stability analysis. The most popular are the Monte 
Carlo method (MCM), the First Order Second 
Moment method (FOSM) and the Point Estimate 
method (PEM).

Simulations using MCM are employed to solve 
problems by generating suitable random numbers 

1 INTRODUCTION

Several natural disasters associated with climate 
change, such as floods and landslides, happen in 
Latin American cities. Landslides are induced by 
different causes, including heavy rainfall or long 
rain seasons. In the latter, a better understanding 
about how rainfall, infiltration and landslides are 
related is required.

Geotechnical tools used in landslides analyses 
were improved in the last decades. Constitutive 
and numerical models are now able to analyze dif-
ferent kind of boundary problems. In addition, 
laboratory techniques are cabled to characterize 
hydraulic and mechanical behavior of soils. How-
ever, current knowledge and new techniques are 
not applied very often on landslide warning sys-
tems, for example.

Thus, in this paper, a slope stability analyze of 
hypothetical example is presented. Heavy rainfall 
is applied as boundary condition and it triggers a 
failure mechanism.

Two commercial softwares are used to deter-
mining the porewater pressure field and safety fac-
tor. Furthermore, a probabilistic method is used to 
quantify the influence of hydraulic and mechani-
cal parameters in safety factor and also include 
a second index of the safety factor as a criterion 
for decision. Thus, the safety factor and reliability 
index of that analysis can be incorporated in the 
planning of landslide warning systems.
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(or pseudo-random numbers), evaluating the 
dependent variable for a large number of possibili-
ties. The MCM involves and defines the variables 
which generate uncertainty and probabilistic distri-
bution function (pdf). Also, it determines the value 
of this function using variable values randomly 
obtained considering the pdf. This is repeated until 
there is sufficient data to assemble the probabilistic 
distribution function. The number of required tri-
als for Monte Carlo method depends on the confi-
dence level of the solutions, as well as the number 
of considered variables (Harr, 1987).

Rosenblueth (1975, 1981) proposed the PEM 
method to provide approximation of the low-order 
moments for the dependent variables starting from 
the low-order moments of the independent vari-
able x. In the PEM method, all possible combina-
tions for two-point estimate for each independent 
variable are made.

The FOSM method is an approximate approach 
based on Taylor’s series expansion of the perform-
ance function g(X1,X2,…,Xn) around its mean 
value. The FOSM method is described in more 
detail below.

2.1 First-order second-moment (FOSM) method

The FOSM method is an approximate approach 
based on Taylor’s series expansion of function 
g(X1,X2,…,Xn). g is function of a number of input 
variables Xn which represent uncertainty parame-
ters. For uncorrelated input variables, the mean and 
variance of the function are given by Equations (1) 
and (2), respectively:

E g[ ]Y ( )E X E X E XnX⎡⎣⎡⎡ ⎤⎦ ⎡⎣⎡⎡ ⎤⎦ ⎡⎣⎡⎡ ⎤⎦⎤⎤≅ X EX X⎦⎤⎤ ⎣⎡⎡ ⎦⎤⎤E X⎣⎡⎡
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where E[−] = mean; σ2[−] = variance. Equation (2) 
requires the values of some partial derivatives. For 
most geotechnical models, the analytical evalu-
ation of the derivatives is complex. Thus, Finite 
Difference Method (FDM) is used to calculate that 
partial derivatives and any of the following forms 
(forward, backward or central differences) can be 
used in this:
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where ΔXi = increment. The derivative at a point 
is more precisely evaluated using very small incre-
ments. According to Wolff  (1994), evaluating the 
derivative in a range of plus and minus one stand-
ard deviation may capture better the nonlinear 
behavior of the function in a range of likely values. 
However, this increase may be excessive in some 
cases. The increments and decrements the variable 
should be small, this ensures adequate accuracy.

2.2 Reliability index

The most effective application of probability the-
ory to the analysis of slope stability has stated the 
uncertainties as a reliability index (Christian et al., 
1994), which is defined as:

β
σ

=
−[ ]E [ 1

2σσ [ ]Y
 

(6)

where β = reliability index. The reliability index 
describes safety by the number of standard devia-
tions separating the best estimate of E[Y] from its 
defined failure value of 1.0. Also, it can be con-
sidered as a way of normalizing the safety factor 
with respect to its standard deviation. The defini-
tion does not require the probability distribution 
of function g(X1,X2,…,Xn) to be known, but there 
is a tacit assumption that function g(X1,X2,…,Xn)
is distributed in some way that can be described 
meaningfully by an expected value and standard 
deviation. When the shape of the probability distri-
bution of the safety factor is known, the reliability 
index can be related to the probability of failure.

2.3 Steps in reliability analysis

In this paper, Baecher & Christian (2003) method-
ology was adopted. The steps for performing this 
analysis are:

− Establish an analytical model;
− Estimate statistical descriptions of the param-

eters. The parameters are described by their mean 
values and variances;

− Calculate statistical moments of the performance 
function (Eqs. 1 and 2);

− Calculate the reliability index.

3 STABILITY ANALYSIS

The safety factor of a hypothetical tropical soil 
slope subjected to heavy rainfall conditions was 
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analyzed for a period of 48 hours. In order to 
determine the slope stability over time, the pore-
water pressure field is analyzed by SEEP/W 
(GEO-SLOPE International, 2004a). Then, the 
safety factor is calculated with Limit Equilibrium 
Method using SLOPE/W (GEO-SLOPE Inter-
national, 2004b), which allows the consideration 
of the porewater pressure values obtained with 
SEEP/W.

The boundary conditions determination for 
the flux problem were based on information from 
Terlien (1998), who has shown that triggering 
mechanism of the landslides which occurred in 
Manizales, Colombia, corresponded to a rainfall 
of 70 mm per day. Furthermore, Gitirana Jr. et al. 
(2005) explained that if  infiltration is smaller that 
saturated permeability then all rainfall will infil-
trate. Hence, during the analysis, the infiltration 
rate was kept constant and equal to 70 mm/day 
applied over the surface (toe, crest and slope). In 
order to determine the embankment safety factor 
for each time step, the porewater pressure distribu-
tion was determined for different instants (t = 0, 8, 
16, 24, 36 and 48 hours).

3.1 Initial boundary conditions and geometry

Figure 1 presents geometry, boundary conditions 
and initial conditions of the slope stability. The 
slope inclination is 1.5H:1.0V and it is 10 m high. 
The initial ground water table was obtained from a 
steady flow analysis. The initial porewater pressure 
distribution was determined using hypothesis that 
an existing of water table as show in Fig. 1.

The maximum initial suction was restricted to 
50 kPa from the equilibrium condition.

3.2 Soil properties

The mean values of the soil given in Table 1 cor-
respond to data obtained in the laboratory by 
Oliveira (2004) from a tropical soil compacted in 

normal Proctor optimum water content. The shear 
strength was obtained by stress controlled constant 
water triaxial tests by measuring suction with a 
high capacity tensiometer. The “Three-Sigma rule” 
was used to determine the saturated and unsatu-
rated shear strength variability. That rule can be 
used to estimate a value of standard deviation by 
first estimating the highest and the lowest conceiv-
able values of the parameter and then dividing the 
difference between them by six (Duncan, 2000).

Figure 2 presents the soil water retention curve 
(WRC) and the hydraulic conductivity functions. 
The unimodal WRC presented on Figure 2 is 
defined by a closed van Genutchten form equation 
(van Genutchten, 1980). The hydraulic conduc-
tivity function was based on the WRC, using van 
Genutchten (1980) Mualem’s model. The saturated 
hydraulic conductivity value is 2.24 × 10–5 m/s.

The analysis assumed that the independent 
variables are not correlated. This fact increases the 
variance in a small amount for the FOSM method, 
which is considered insignificant for the outlined 
goals in this article.

Figure 1. Problem geometry, boundary conditions, and 
initial values.

Table 1. Values of parameters used in analysis.

Parameter Mean COV (%)

Unit weight of soil 18.1 kN/m3 4.2
Effective cohesion 12 kPa 20
Effective angle 30° 6
of internal friction
Saturated water 2.24E-5 m/s 90
conductivity
Air entry value 8 kPa 30
φb* 25° 15

* Angle indicating the rate of increase of shear strength 
relative to increase matric suction.

Figure 2. Soil water retention curve and hydraulic 
conductivity functions for a tropical compacted soil.
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4 RESULTS

The water table rise produces an increase in pore-
water pressure and a decrease in shear strength 
within the slope. Figure 3 shows safety factor of 
evolution and the boundary porewater pressures 
values with the rain time step. The maximum suc-
tion after 48 hours is a 31 kPa. The changes in 
the porewater pressure field between initial and 
final time steps are similar to those presented by 
Evans & Lam (2002).

The variance of the safety factor was calculated 
using the three definitions of finite differences pre-
sented (Eq. 2, 3 e 4) and the results are shown in 
Fig. 4. The most significant changes in porewater 

pressure values were recorded after 8 hours and they 
reflect on the reliability index of the safety factor. 
The technique was used to determine the deriva-
tives required in Eq. (2) have significant influence 
until 16 hours after the beginning of rain.

The Figure 4 shows that using the central 
difference reduces bias. For this reason, the 
central difference is best to assess the problem. 
Wolff  (1994) recommends evaluating the deriva-
tive over a range of  plus and minus one standard 
deviation may better capture some of  the nonlin-
ear behavior. However, the increment used was 
lower than the standard deviation, and equal 
to 1% of  the mean value. Otálvaro et al. (2011) 
verified the approximation of  the derivative 
varying ΔXi from 0.001% to 10% of  the mean, 
discovering that the variance is stable for values 
less than 1%.

The variance of the dependent variable is 
obtained from the sum of n terms in the Eq. (2). 
With the dependent variable variance value is pos-
sible to calculate the contribution of each inde-
pendent variable as:
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Where Contj = contribution of the variable j. 
The influence of each parameter in safety factor 
variance was calculated using Equation (7) and 
results are shown in Figure 5.

In the first time step, the effective angle of 
internal friction and effective cohesion control the 
variance of the safety factor. After the infiltration 
process starts, variance is controlled by saturated 
water permeability and air-entry value. Similar 
results have been found by Sivakumar-Babu & 
Murthy (2005).

5 CONCLUSIONS

The slope stability analysis using a non-coupled 
solution shows that the variance on safety factor is 
affected by the hydraulic parameters.

The methodology used in this paper incorpo-
rating First Order Second Moment in the non-
coupled slope stability analysis can be easily used 
to estimate the reliability of slopes under rainfall 
conditions. The results of these analyses can help 
defining thresholds for warning systems.

The derivative required in First Order Second 
Moment method can be calculated with the cen-
tral difference approximation, as suggested by 
Wolff  (1994), reducing the independent variable 
increment.

Figure 3. Factor of safety and boundary pressure 
evolution with the rain time.

Figure 4. Reliability index of the factor of safety 
evolution with the rain time.
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Further research can be made related to top-
ics of this paper. It is necessary to increase data 
for hydraulic conductivity and soil water reten-
tion curve statistical analysis. Also, the threshold 
approach for warning systems should be rethought, 
considering phenomena such as infiltration, not 
only the direct correlation with rainfall. It is nec-
essary to incorporate the tools developed in the 
unsaturated soil mechanics in daily practice.
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ABSTRACT: Gas hydrates are crystalline clathrate compounds made of water and a low molecular 
gas like methane. Gas hydrates are generally present in oil-producing areas and in permafrost regions. 
Methane hydrate deposits can lead to large-scale submarine slope failures, blowouts, platform foundation 
failures, and borehole instability. Gas hydrates constitute also an attractive source of energy as they are 
estimated to contain very large reserves of methane. Hydrate formation, dissociation and methane pro-
duction from hydrate bearing sediments are coupled Thermo-Hydro-Mechanical (THM) processes that 
involve, amongst other, exothermic formation and endothermic dissociation of hydrate and ice phases, 
mixed fluid flow and large changes in fluid pressure. A comprehensive THM formulation is briefly pre-
sented here. Momentum balance, mass balance and energy balance equations take into consideration the 
interaction among all phases (i.e., solid, liquid, gas, hydrates and ice) and mechanical equilibrium. Con-
stitutive equations describe the intrinsic THM behavior of the sediment. Simulation results conducted for 
hydrate bearing sediments subjected to boundary conditions highlight the complex interaction among 
THM processes in hydrate bearing sediments.

condition that they exist in. Experimental studies 
are further hindered due to the low solubility of 
methane in water when preparing artificial sam-
ples. The emphasis in such a situation has empha-
sizes the role of numerical investigations.

The behavior of HBS is complex in nature as 
disassociation may take place due to an increase in 
temperature; a decrease in fluid pressure; changes 
in the fluid chemistry, or a combination of them. 
The dissociation causes important changes on 
the mass transport of fluids and fluid pressures. 
Changes in fluid pressures will alter the effective 
stress, affecting in turn the stiffness, strength and 
dilatancy of the sediment. It is evident that the 
behavior of HBS is controlled by strong THM 
coupled processes.

Partial formulations have previously been devel-
oped to understand hydrate formation and disso-
ciation within well-defined boundary conditions 
(Rempel and Buffett 1997, 1998; Xu and Ruppel 
1999; Davie and Buffett, 2001; Ahmadi et al., 2004; 
Nazridoust and Ahmadi 2007).

The responses of the soil sediments are either 
disregard or handled using simplified assump-
tions (e.g., non-deformable rigid porous medium 
is assumed in Nazridoust and Ahmadi 2007). 
Rutqvist and Moridis (2007) and Rutqvist (2011) 
presented a more general THMC approach by link-
ing (sequentially) a geomechanical code (FALC3D) 

1 INTRODUCTION

Gas hydrates are solid compounds made of water 
clustered around low molecular weight gases 
(e.g., methane, ethane, hydrogen sulphide and 
carbon dioxide). Stability and behavior of Hydrate 
Bearing Sediments (HBS) are strongly depend-
ent on thermo-hydro-mechanical (THM) actions 
affecting the gas hydrate compound. Methane 
hydrates form under certain pressure and tem-
perature conditions typically found in submarine 
sediments and permafrost. Their distribution is 
typically correlated with the presence of oil reser-
voirs and thermogenic gas.

Methane hydrates are foreseen as a poten-
tial energy resource as large reserves are esti-
mated worldwide (e.g., Sloan, 1998; Rutqvist and 
Moridis, 2007). Unstable hydrate dissociation is 
seen to cause borehole instability, blowouts, foun-
dation failures, and trigger large-scale submarine 
slope failures (e.g., Kayen & Lee, 1991; Jamalud-
din et al., 1991; Briaud and Chaouch, 1997; Chatti 
et al., 2005). The release of methane would further 
increase greenhouse effects and contribute to glo-
bal warming (e.g., Dickens et al., 1997).

Therefore a thorough understanding of the 
behavior of HBS and its related process is much 
required. The testing of natural HBS is found to be 
challenging owing to the pressure and temperature 
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with a multiphase fluid and heat transport 
simulator TOUGHT. However the formulation 
was not truly coupled and solved the sediment and 
the hydrate state variables separately.

The THM formulation proposed herein is fully 
coupled. In term of hydrate dissociation, it con-
siders that dissociation can place very fast (i.e., 
local equilibrium is assumed), or it can develop 
in time (through a kinematic law). The depend-
ence of effective stress, stiffness, strength, conduc-
tion properties and volume change on the hydrate 
saturation are also implemented in the proposed 
framework.

A brief  description of the THM formulation 
is presented in the next section. The algorithm is 
tested and demonstrated using well-constrained 
elemental cases. Simulation of gas production 
in-situ by depressurization at the borehole is per-
formed here. Code validation against a database of 
reported cases and the analysis of various poten-
tial field conditions are reported elsewhere (e.g., 
Sanchez et al., 2012 Shastri, 2013).

2 THEORETICAL FRAMEWORK

The THM phenomena that take place in hydrate-
bearing sediments include the main following 
phenomena:

1. heat transport through conduction, liquid and 
gas phase advection,

2. heat of formation-dissociation,
3. water flux as liquid phase,
4. methane flux in gas phase and as dissolved 

methane (diffusion in liquid phase),
5. heat of ice formation/thaw,
6. fluid transport of chemical species,
7. mechanical behavior; effective stress and 

hydrate-concentration dependent sediment 
behavior. The formulation comprised of bal-
ance equations, constitutive equations, equilib-
rium restrictions, and kinetic reactions. Those 
equations have been implemented in CODE-
BRIGHT. The main equations are presented in 
the subsequent sections.

2.1 Phases and species—mass densities

The pores in the granular skeleton of the hydrate 
bearing sediments are filled with gas, hydrate, water 
or ice (Figure 1a). The three main species mineral, 
water, and methane are found in five phases: solid 
mineral particles, liquid, gas, hydrates and ice as 
shown in the phase diagram Figure 1b.

The liquid phase is made of water and dis-
solved gas. The solubility of methane in water 
[mol/m3] increases with pressure and decreases with 

temperature and salt concentration. In the absence 
of hydrates and opposite effect is observed (i.e., 
an increase in solubility with increase in tempera-
ture and decrease in pressure). The implemented 
formulation is able to simulate hydrate formation 
from a dissolved phase. The density of the liquid 
ρ� depends on temperature T [°K] and pressure 
P� [MPa]. The asymptotic solution for small volu-
metric changes is:
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(1)

where, ρ�o = 0.9998 g/m3 is the mass density of 
water at atmospheric pressure T is temperature in 
°K and B� = 2000 MPa is the maximum bulk stiff-
ness of water (at 277 °K), and βT� = 0.0002 °K−1 
is the thermal expansion coefficient. Corrections 
for salt concentration are disregarded as a first 
approximation. Pure methane gas constitutes the 
gas phase. The contribution of water vapor in the 
gas phase to the mass density of the gas phase and 
to short-duration mass transport processes is dis-
regarded as its contribution is seen to be minimal. 
The mass density of the gas phase is pressure 
Pg [MPa] and temperature T [°K] dependent and it 
can be estimated using the ideal gas law modified 
for methane gas.
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where, the gas constant R = 8.314 J/(molºK) and 
the molecular mass of methane Mm = 16.042 g/mol 
(example: ρg = 86 g/m3 at T = 280ºK and 
Pg = 10 MPa).

The hydrate phase is made of water and 
methane. The mass fraction of water in hydrate 
α = mw/mh depends on the hydration number χ for 
methane hydrates. The ice transformation may take 

Figure 1a. Granular 
structure of HBS. 

Figure 1b. Phase diagram 
of HBS.
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place during fast depressurization. The densities 
of the hydrate, the ice and the mineral phases are 
assumed constant.

2.2 Volumetric relations

The total volume Vtotal is the sum of the partial vol-
ume of each β-phase Vβ, where the subindex β is 
related to the solid ‘s’, liquid ‘�’, gas ‘g’, hydrate ‘h’ 
and ice ‘I’ phases. Assuming that the solid mineral 
is a non-reactive phase, the total porosity is defined 
as the ratio of the volume of voids Vv = 1−Vs to the 
total volume Vtotal,

φ = =
+V

V
V V+ V V+

V
vVV

totaVV l

g h+V VV + VV iVV

totaVV l

V

 
(3)

The volume of voids Vv is occupied by the liq-
uid, gas, hydrate and ice phases; the associated 
volume fractions are Sβ = Vβ/Vv and the following 
volumetric restriction applies

S S S Sg hS i� +Sg =Si 1
 

(4)

Balance equations apply to mass of water, meth-
ane, mineral, internal and linear momentum. As an 
example, the water mass balance equation of meth-
ane is presented as follows:

∂
∂

ρ ρ φ ρ φ
t

S Sφ ρ fg g g g h h
m
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(5)

where, Pg and Ph  are the densities of the methane 
gas and hydrates, Sg and Sh are the gas and hydrate 
concentrations, qg is the rate of flow of methane, 
φ is the porosity and α is the mass fraction of water 
in hydrate.

Constitutive equations and equilibrium restric-
tions relate the main unknowns (i.e., u, Pl; Pg, Ph 
T) with the dependent variables (i.e., stresses; Sl; 
Sg; Sh fluxes). For example, the retention curve dic-
tates the relationship between the interfacial ten-
sion sustained by the difference in liquid and gas 
pressures; and the effective degree of liquid satura-
tion S�

* , which is given by:
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where, λ and P0 are model parameters related to 
the pore structure of the sediment. Due to space 
limitations, the other constitutive equations are 
not presented in this paper. The explanation of 
mass balance of the constituents, energy balance 

and constitutive relations are detailed in Sanchez 
et al. (2012).

The fluid pressure and the temperature con-
trol the reaction kinetics of the transformation 
between the water, hydrates and ice phases. Four 
regions appear for gas-water systems when the 
hydrate stability and the ice-water boundaries 
are superimposed on the pressure-temperature 
PT-space, as shown in Figure 2. The presence of 
free gas, water, ice and hydrate in each quadrant 
depends on the relative mass of water and gas, and 
the PT trajectory.

3 NUMERICAL SIMULATIONS

The mathematical formulation has been imple-
mented in the finite element computer program 
CODE-BRIGHT (Olivella et al., 1996). It has been 
previously been used to numerically solve THCM 
problems in porous media. Details related to the 
code can be found elsewhere (e.g., Olivella et al., 
1996, Gens et al., 2009). The main aspects can be 
summarized as follows:

1. The state variables are: solid velocity, u (one, 
two or three spatial directions); liquid pressure 
Pl, gas pressure Pg temperature T and chemical 
species concentration.

2. Small strains and small strain rates are assumed 
for solid deformation.

3. Thermal equilibrium between phases in a given 
element is assumed.

4. All constitutive equations are modified and new 
equations are added to properly accommodate 
for the behavior of hydrate bearing sediments 
and all phases involved.
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the pressure-temperature space.
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4 MODELING RESULTS

The formulation has been extensively tested for a 
wide range of field conditions. A critical compo-
nent of a THM formulation for HBS is to model 
properly the possible phase changes that may occur 
under different field/laboratory conditions illus-
trated in Figure 2. To show the performance of the 
algorithm a simplified case of dissociation induced 
through depressurization is presented here.

The simulation would be a simplified model 
for studying production of methane gas in HBS 
through the process of depressurization. The mesh 
generated for the simulation is shown in Figure 3.

The hydrate dissociation is induced following a 
stress path characterized by an isothermal depres-
surizing (Figure 4). The test initial conditions are 
identified as ‘0’ in Figure 4, as follows:

T = 279.1 ˚K;
Pc = 0.018 MPa (i.e., Pl = 12 MPa, 

Pg = 12.01 MPa);
Sl = Sg = 0.5.
The initial hydrate concentration is set as 

Sh = 0.2.

As expected, phase changes for the hydrate (i.e., 
dissociation) starts when the stress path touches 
the phase boundary (at point ‘1’ in Figure 4). The 
further drop in the pressure results in complete dis-
sociation gas hydrate . The variation of the hydrate 
concentration and the system pressure for each 
step in the sample is shown in figure 5.

The formulation is now tested for hydrate disso-
ciation with an increase in temperature. The same 
initial conditions adopted for the depressurization 
is now used for the process of isobaric heating. The 
stress path of the sample is shown in figure 5. The 
initial conditions are identified as ‘0’ in Figure 6. 
The temperature of the sample is now increased 
until it reaches step 1 (indicated by ‘1’ in Figure 6), 
where hydrate dissociation begins. The test is con-
cluded with all the hydrate is seen to be dissociated 
(at ‘2’ in Figure 6).

The variation of the hydrate concentration is 
shown alongside with the variation in temperature Figure 3. Finite element mesh.
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Figure 5. Variation of hydrate concentration with pres-
sure of the system.
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(Figure 7). It can be seen that dissociation starts at 
16° C (289 °K). As expected The hydrate is seen to 
disassociate completely beyond that temperature.

The last case study is associated with the 
analysis of a venting (depressurization) experi-
ment performed on a pressurized core recovered 
from hydrate bearing sediments in the Krishna-
Godavari Basin India. The core was depressu-
rized while measuring the internal temperature 
in the sediment at the center of the core (Yun 
et al., 2010). The measured PT evolution is pre-
sented in Figure 5. The endothermic dissociation 
that takes place during depressurization cools 
down the sample (as recorded by thermocouples, 
Fig. 8b). During hydrate dissociation the stress 
path moves on the phase boundary towards the 
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Figure 7. Variation of hydrate concentration with tem-
perature of the system.

Figure 8. Experimental data was gathered during the 
depressurization of a pressure core gathered from the 
Krishna-Godavari Basin (reported in Yun et al., 2010).
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Figure 9. Modeling the depressurization test at point 
level following the stress path reported in Yun et al. 
(2010).

water-to-ice transformation line, reaching freez-
ing temperatures and leading to ice formation. 
Many unknowns restrict careful modeling, such 
as internal fluid pressure, gas pressure, tempera-
ture and strains along the core length. Instead, the 
intent is to demonstrate the formation of second-
ary ice and to anticipate internal parameters based 
on constitutive data reported in Yun et al. (2010). 
Figure 9 presents the main model results obtained 
from an analysis at point level. The model is able 
to describe very well the main patterns observed 
in the experiment. Note that the T measured dur-
ing the test is punctual and the recovering of the 
temperature observed after touching the ice-water 
face boundary is due to heat transfer from the 
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surroundings. Noticeably, this situation is not 
reproduced by simulation ‘at point level’, the solu-
tion of a boundary value problem will make that 
possible. The model predicts the formation of ice 
during dissociation at freezing temperature

5 CONCLUSIONS

The proper modeling of hydrate bearing sediments 
is a relevant aspect as hydrate behavior may affect 
foundation of off-shore platforms, borehole stabil-
ity and submarine slopes. Hydrates has also became 
in a viable source of energy. Various thermal, 
mechanical and hydraulic strongly coupled proc-
esses affect the behavior of HBS and its modeling 
would require a formal THMC formulation. Such 
a formulation has been briefly presented here and 
implementation into the finite element program 
CODE_BRIGHT. The simple stress paths pre-
sented in this paper show that the model response 
is the expected one for the simulated conditions. 
The code has ben also used to model an actual 
depressurization test under controlled conditions. 
The main patterns of behavior have been correctly 
predicted by the model.
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Effect of soil replacement option on surface deflections for expansive 
clay profiles

A. Bharadwaj, S.L. Houston, W.N. Houston & B. Welfert
Arizona State University, Tempe, AZ, USA

K.D. Walsh
San Diego State University, San Diego, CA, USA

ABSTRACT: In this paper the results of a stress-deformation parametric analysis are presented to show 
the effect of an artificial non-expansive replacement layer over an intact expansive soil on the heave at the 
surface. Finite element code SV Flux and SV Solid are used to perform the stress-deformation analysis. 
Climatic boundary conditions for a semi arid region are used. Significant decreases in the heave amount 
were noted, depending on the thickness and soil type of the replacement soil.

replaced, thereby reducing surface heave, (2) the 
replacement soil may change the degree and depth 
of wetting in the native expansive clay profile by 
increasing, decreasing, or having only minimal 
effect on the amount of surface and near-surface 
water that infiltrates into the soil, (3) the place-
ment of a non-expansive soil layer pushes the 
seat of movement deeper into the profile, thereby 
reducing the differential movements at the ground 
surface, and (4) the non-expansive soil layer may 
provide increased confinement for any expansive 
soil that does get wet, thereby reducing volume 
change.

In general, the non-expansive soil layer could 
have a saturated hydraulic conductivity the same 
as, higher than, or lower than the underlying expan-
sive soil. As a part of an on-going study at Arizona 
State University, the full range of hydraulic prop-
erties of the replacement layer is being evaluated. 
In this paper, preliminary findings are presented 
for the case of remove-and-replace mitigation 
where the replacement layer has a higher hydraulic 
conductivity than the underlying clay. This repre-
sents, for example replacement of expansive soil 
with a non-expansive granular fill.

2 ANALYSIS OF SLAB-ON-GROUND 
FOUNDATION ON EXPANSIVE CLAY 
PROFILE WITH REMOVE-AND-
REPLACEMENT MITIGATION

The problem that was analyzed is described 
schematically in figure 1. In these analyses the 
problem is analyzed as a two-dimensional (2D) 

1 INTRODUCTION

Expansive soils are associated with shrink and 
swell behavior and may cause serious damage 
to structures. Residential foundations such as 
slab-on ground are generally built on unsaturated 
soils including expansive soils and are subject to 
deformations associated with changes in matric 
suction/moisture content in the soil. The prob-
lem of expansive soils is more pronounced in arid 
regions where changes in soil suction as a result of 
development can be much greater than in humid 
regions. Expansive soils are also called moisture 
sensitive soils because when subjected to wetting, 
they undergo substantial volume changes associ-
ated with the swelling process.

Various methods are available and practiced to 
reduce swelling in soils at the ground surface to pre-
vent the damage caused to structures. Mitigation 
measures may be broadly defined as any actions or 
designs that lessen or solve moisture sensitive soil 
problems (Houston et al., 2001).

Among the various techniques for expansive soil 
mitigation, the removal and replacement technique 
(remove-and-replace) is very popular for lightly 
loaded structures and shallow foundations. The 
heave reducing effect of replacement of expansive 
soil with a non expansive layer has been studied 
by various authors (Katti 1979, Walsh et al., 2009, 
Murthy & Praveen 2008) in the past. A large vol-
ume of intact soil when replaced with non expan-
sive soil can attenuate the surface heave feature. The 
mechanisms for reduction of heave are: (1) removal 
of expansive soil with non-expansive soil results in 
a zone of no-heave where the expansive soils are 
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problem for both fluid flow and deformation. The 
soil properties of clay typical of highly plastic clays 
in the Phoenix, Arizona, region were used. The 
clay is classified as CH, has a LL of 85 and a PI of 
53 and a swell pressure of 700 kPa.

The basic soil properties of the expansive clay are 
tabulated below in Table 1. In the simulation per-
formed, roof runoff from the residential house falls 
directly on the edge of the foundation of the house. 
A pond of 150 mm (6 inches) depth is allowed to 
occur a during rain event, and any additional roof 
runoff is allowed to runoff of the site. The surface 
flux conditions outside of the region of ponding 
correspond to natural climatic conditions. The sur-
face flux simulates desert landscaping conditions 
with some degree of ponding of rain water next to 
the structure. This has been observed to be a fairly 
common condition for residential structures in the 
Phoenix, AZ area (Dye 2008). The concentration 
of water next to the structure can cause differential 
heave which can damage the structure.

The position of the domain boundaries (depth 
and width of the modeled soil profile) was deter-
mined iteratively by moving the boundaries for 
various SV Flux runs until position of bounda-
ries had negligible effect on pore pressure and 
saturation variations in the vicinity of the slab-on-
ground region. A separate analysis was performed 
to determine the optimum grid size (dx) and time 
step (dt) to obtain numerically stable results for 
this problem. A smaller dx was chosen for the 
upper layers since changes in soil moisture content 

are concentrated in the upper region of the profile. 
Deep down in the profile a larger grid size was 
used. The dx used for the expansive clay profile 
was 0.5 m globally. For the replaced soil profile a 
dx of 0.25 m was applied at the top (near surface) 
and the rest is kept at 0.5 m. These are preliminary 
runs and more investigation is ongoing with even 
smaller grid size. The maximum time increment 
(dt) used for the analyses was 0.5 days.

3 PROBLEM SET-UP

Seepage deformation analyses can be performed 
using either a coupled or uncoupled approach. 
For these analyses an uncoupled approach was 
used wherein unsaturated flow was modeled sepa-
rately from stress-deformation (heave) analyses. 
The results from the SV Flux flow analyses were 
used as input to the heave analyses performed 
using SV Solid. Initial (preconstruction) soil suc-
tion profiles were determined through a simulated 
30 yr period of  application of  a surface flux con-
dition corresponding to Phoenix, AZ, climatic 
conditions as determined by Dye (2008). A steady 
state run was done to obtain the initial condition 
for stress-deformation analyses. Once the initial 
suction profile was determined for the natural 
expansive clay profile, a replacement layer of  a 
certain depth (Figure 2) is placed, and surface flux 
conditions associated with the roof runoff  condi-
tion are applied. After several years of  simulation 
of  ponding of  roof runoff  next to the structure, 
the final (post construction) suction profile is 
obtained. The initial (preconstruction) and final 
(post construction) soil suction profiles are used 
as input into the stress-deformation analyses per-
formed using SV Solid. Three different depths 
of  top native expansive clay are removed and 
replaced with non expansive soil having a hydrau-
lic conductivity two orders of  magnitude higher 
than the native clay.

The different replacement depths are shown in 
Figure 2.

A mixed formulation (Celia 1990) of the seep-
age equation was used for the SV Flux analyses:Figure 1. Schematics of the example problem.

Table 1. Soil properties for expansive and replacement 
soil.

Soil property Higher Ksat Expansive clay

Dry density 1770 kg/m3 1360 kg/m3

Total unit weight 20.6 kN/m3 18.41 kN/m3

Sat. VWC 0.33 0.512
Ksat 7.2 × 10−2 m/day 2.09 × 10−4 m/day
Gs 2.64 2.8

Figure 2. Replaced soil profile.
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The SWCC for the soil in this problem is defined 
by using the Fredlund and Xing fit (1994) which is 
given by the equation below:

θ θ ψ
ψ

w sθ θθ
n

m

C

e
a

+ ⎛
⎝
⎛⎛⎛⎛
⎝⎝
⎛⎛⎛⎛ ⎞

⎠
⎞⎞⎞⎞
⎠⎠
⎞⎞⎞⎞⎛

⎝
⎜
⎛⎛

⎝⎝

⎞

⎠
⎟
⎞⎞

⎠⎠

⎡

⎣

⎢
⎡⎡

⎢
⎢⎢

⎢
⎢⎢

⎢
⎢⎢

⎢
⎣⎣

⎢⎢

⎤

⎦

⎥
⎤⎤

⎥
⎥⎥

⎥
⎥⎥

⎥
⎥⎥

⎥
⎦⎦

⎥⎥
( )ψ

ln

1

 

(2)

C
h

h

rh

rh

( )
ln

ln
ψ ))

ψ

= −
+

⎛
⎝⎜
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠

+
⎛
⎝⎜
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠

1
1

1 1000000

 

(3)

where θw = volumetric water content at soil suc-
tion Ψ; θs = saturated volumetric water content; 
a = a material parameter which is primarily a func-
tion of air entry value of the soil in kPa; n = a mate-
rial parameter which is primarily a function of rate 
of water extraction from the soil once the air entry 
value has been exceeded; m = a material parameter 
which is primarily a function of the residual water 
content; hr = suction at which residual water con-
tent occurs, kPa; Ψ = soil suction.

The SWCC curves for the native soil and replace-
ment soil are shown in Figure 3.

A Leong and Rahardjo fit (1997) is used to 
describe the unsaturated hydraulic conductivity for 
this problem. The hydraulic conductivity curves 
(Fig. 4) show a cross-over effect (Shackelford & 
Nelson 1996).
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where n = controls the slope at the inflection point; 
m = residual water content in the soil; p = different 
constant soil parameters; Ks = saturated hydraulic 
conductivity.

Wilson’s limiting equation (1997) was used to 
obtain the actual evaporation. In order to avoid 
instability due to high spikes in evaporation from 
occurring, a gradient limit was applied.
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where uv
soil  is the actual vapor pressure at the soil 

surface, kPa; uvo
soil  is the saturated vapor pressure in 

the soil at the ground surface, kPa; uv
air is the vapor 

pressure in the air above the soil surface, kPa.

4 HEAVE ANALYSES

The soil heave was modeled using a suction volume 
change index. The equation showing the relation-
ship between volumetric heave and the suction vol-
ume change index follows (Fredlund & Rahardjo 
1993).

∂ = ( )− + ( )−ε = (v
s sds ) + d (1 2( )( m) +

 
(6)

where σmean is the mean net normal stress (σ1+ σ2+ 
σ3)/3; (ua–uw ) is the matric suction; m1

s, m2
s are vol-

ume change coefficients with respect to change in 
net normal stress and matric suction respectively. 
Similarly, the volume change can be obtained by 
associating the volume change indices with void 
ratio surface for different loading conditions, given 
by (Fredlund & Rahardjo 1993).

de C d dsC d m= C d ( )a( ) ( )uau w−uaulolo C dmC dgg ( )uau− C dmC d
 

(7)

The matric suction volume change index was 
input as a function of depth. As can be seen 
from Figure 5 where Cm (Volume change index Figure 3. SWCC for expansive and replacement soil.

Figure 4. Kunsat curves for expansive and replacement 
soil.
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with respect to matric suction) goes down with 
depth. This reduction in Cm with depth is due to 
reduced expansion potential as the confining stress 
approaches the swell pressure of the clay.

For the upper layer (low confinement), the 
swelling index for the expansive clay is 0.13 and 
the swelling index for the replacement layer is 0.05 
(negligible since non expansive). A value of 0 can 
not be used due to numerical instability in the 
results.

For a 2D plane strain loading, the govern-
ing deformation Equations 8 and 9 are given by 
Hung & Fredlund (2000). These PDE’s are solved 
in SV Solid to obtain the final deformations in a 
stress deformation analyses.
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where bx and by are body forces in the x- and y- 
directions respectively.
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where E is the elasticity parameter for the soil 
structure with respect to a change in net normal 
stress; H is an elasticity parameter for the soil struc-
ture with respect to a change in matric suction; and 
μ is the Poisson’s ratio for the soil structure.

5 RESULTS

The pore pressure (Figure 6) and saturation 
(Figure 7) results show that in arid regions the soil 
remains on the dry side even after a wetting event. 
The higher conductivity replacement layer retard 
water infiltration by storing it during wetting and 
evaporating it during drying event.

6 CONCLUSIONS

It is evident from the displacement plots that there 
is a substantial decrease in heave at the surface 
(Figure 8) with increases in the thickness of the 
upper portion of the soil profile replaced with a 

Figure 5. Variation of Cm with depth for the natural 
expansive clay profile.

Table 2. Swelling soil properties for expansive and 
replacement soil.

Soil Poisson’s ratio Cs e0

Higher Ksat 0.35 0.05 0.99
Expansive clay 0.35 0.3 0.5

Figure 6. Pore pressure variation below slab edge.

Figure 7. Saturation variation below slab edge.
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higher conductivity, less expansive soil. There is 
a significant reduction in the heave occurring on 
the ground and at the surface right next to the slab 
edge (Figure 9) with increasing thickness of the 
replacement layer. This can lead to reduced dif-
ferential movement and therefore less cracking and 
damage to the foundations of the structure. The 
higher conductivity layer at the top of the natural 
expansive clay is behaving like a sponge, due to its 
relatively high storage capacity, to hold onto water 
applied during rainfall events until it can be evapo-
rated out from the replacement layer. The “sponge 
effect” of the non expansive layer traps the water 
while it is infiltrating and stores it for future evapo-
ration during long non-rain periods. The function 
of the replacement layer can be compared to eva-
potranspirative (ET) covers used for landfills. The 
purpose of putting covers on landfills is to keep 
off  water from infiltrating so that there is minimal 
leachate generation. The same principle applies 
to this case. The swelling is reduced in expansive 
soils because the surface layer can act to resist 
deep movement of water into the underlying clay 
profile for certain conditions of storage capacity, 
conductivity of replacement layer, and surface flux 
conditions.

In the case of arid and semi-arid climates, ET 
covers are superior to other cover systems. The typi-
cal thickness of ET covers used for landfill is 1.2 m 
to 1.8 m. Typical values of saturated hydraulic con-

ductivity for the storage layer of an ET cover are 
1 × 10−4 and 1 × 10−5 cm/s (Kavazanjian Jr 2001). 
Sandy silt and silty sand have been found to be 
optimal soils for ET covers. Clayey soil however, 
does not give up water easily but it is also dif-
ficult for water to get into the tiny pores of clay 
material. Studies at Yucaipa landfill and Gaffey 
street landfill have shown that ET covers perform 
better than prescriptive covers for landfills (Evans 
et al., 2000).

The higher conductivity replacement appears to 
be a good option to reduce heave in arid regions. 
As mentioned before that this is an ongoing 
project, further cases are being studied. A com-
parative study is being done with different types 
of replacement soil options to obtain the optimal 
soil type. The best choice for replacement materials 
is expected to be site-specific, and dependent on 
climatic and irrigation conditions, as a minimum.
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Capillary barrier dissipation by new wicking geotextile

M. Azevedo & J.G. Zornberg
The University of Texas at Austin, Austin, TX, USA

ABSTRACT: A capillary barrier will form and restrict water flow when two porous materials with 
differing porous structures (e.g., a geotextile overlain by a fine-grained soil) are in contact with one 
another. This can be problematic as the capillary barrier may cause undesirable moisture build-up in the 
overlying soil. A new geotextile has been manufactured to help dissipate a barrier by “wicking” or later-
ally draining moisture away from the soil. Research at The University of Texas at Austin investigated the 
unsaturated properties of various versions of this wicking geotextile, under both woven and non-woven 
configurations. The testing program includes small soil column infiltration tests with moisture moni-
tored by time domain reflectometers. Also, modified hanging column tests were conducted to define the 
hydraulic properties of the geotextile. Test results illustrate advantages in lateral drainage of the wicking 
geotextile when compared to regular geotextiles.

While there are several other applications which 
may benefit from the development of capillary 
barriers, there are also many applications where an 
increase in moisture storage from a capillary bar-
rier can be detrimental. For example, for the case 
of a geotextile reinforced slope, not accounting for 
moisture accumulation due to the formation of 
a capillary barrier at the soil-geotextile interface 
could be detrimental to its stability. Accordingly, 
a geotextile has been developed with the objective 
of minimizing the effect of a capillary barrier by 
using special wicking fibers. The wicking fibers 
allow the geotextile to reduce the effect of a capil-
lary barrier through mechanisms such as enhanced 
lateral drainage.

This geotextile has the potential to perform 
the functions of separation, filtration, protection, 
reinforcement, and drainage. These multiple func-
tions achieved by a single geosynthetic product 
could lead to significant cost savings compared to 
the use of separate products that perform equiva-
lent functions.

1.1 Wicking fiber

The wicking fiber is a nylon fiber with a unique 
cross-section. The fiber cross-section is deep 
grooved (4DG) allowing for water to be carried by 
channels along the longitudinal axis of the nylon 
fiber. A picture of the cross section of the fiber can 
be seen in Figure 1.

The nylon fabric is both hydrophilic and hygro-
scopic. That is, the nylon will pull water from the 
surrounding soil as well as provide a conduit for 
the moisture along its channels. Nylon would 

1 INTRODUCTION

In unsaturated conditions, a capillary break can 
form and restrict water flow when two porous 
materials with differing hydraulic conductivities 
are in contact with one another (e.g., a fine-grained 
soil overlying a coarse-grained soil). Due to the 
relatively large opening sizes of geotextiles, a geo-
textile acts similarly to a coarse-grained soil. Capil-
lary breaks will increase the moisture storage in the 
overlying soil by forming a barrier at the interface 
of the materials. The cause of the capillary barrier 
is a difference in hydraulic conductivity between 
the large pores of a coarse-grained material and 
the small pores of the overlying fine-grained soil. 
This difference means that the small pores will 
restrict water from entering the larger pores. At a 
certain suction level, termed the breakthrough suc-
tion, the hydraulic conductivity of the two materi-
als will be equal to one another and the barrier will 
fade away. Until there is enough moisture to break 
into the larger pores, moisture buildup will occur 
in the fine-grained soil (Zornberg et al., 2010).

The phenomenon of capillary barriers in unsatu-
rated soils has gained increasing attention in recent 
years. A common application that takes advantage 
of capillary barriers is evapotranspirative covers 
for landfills. Alternative covers make use of the 
fact that moisture will accumulate in the soil cover, 
minimizing percolation into the waste. The mois-
ture will then dissipate over the dry season due to 
evapotranspiration. Another beneficial application 
for capillary barriers is for agriculture. The barrier 
can be engineered to provide additional moisture 
to the root zone of crops.
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typically provide these two functions, but an 
additive enhances them. The additive is not a coat-
ing that may diminish with time, but an additive to 
the nylon formula. The channels will provide some 
moisture storage as well, but since the channels 
are not large, their main function is to transport 
any absorbed water laterally. The channel width 
between the grooves is approximately 8 μm to pre-
vent clogging from larger particles.

1.2 Geotextiles

A total of five different geotextiles were included 
in the testing program. A brief  description of these 
geotextiles is summarized in Table 1. Each geotex-
tile has been named GT1 through GT5.

GT1 is the control geotextile since it does not 
have any quantity of wicking fiber. It is commer-
cialized as Mirafi 180 N and is a nonwoven fabric 
made of standard polypropylene (PP).

All other geotextiles in this study have some 
amount of wicking fiber. GT2 is commercialized 
as Mirafi H2Ri and is a woven geotextile com-
posed of standard PP and nylon wicking fiber. The 
nylon fibers are bundled into strands of approxi-
mately 200 fibers. The PP is hydrophobic so it will 
not absorb water. Instead, the pattern of the weave 
and the PP itself  will help guide the water laterally 
along with the nylon fibers.

The third geotextile in the study, GT3, is a 
nonwoven blend of fibers composed of 50% 
4DG nylon wicking fibers and 50% standard PP 
fibers. Similarly, GT4 is a nonwoven blend com-
posed of 50% 4DG nylon wicking fibers and 50% 
hydrophilic PP fibers. To make the PP hydrophilic, 
an additive was added to the formula for standard 
PP. Ideally, the hydrophilic PP will help distrib-
ute water to the wicking fibers and increase water 
movement speed.

The last geotextile in the testing program, GT5, 
is a nonwoven composed of 100% 4DG nylon 
wicking fibers. Unfortunately, a woven geotextile 
made of 100% 4DG nylon wicking fibers could not 

be created due to challenges in its manufacturing 
process.

It should be noted that none of the five geotex-
tiles tested in this study had any coating applied to 
them. While coatings were considered and could 
provide some benefits to lateral drainage, their use 
adds a new variable with possible changes with 
time. Therefore, only additives that were directly 
included in a polymer’s composition were used in 
this study.

2 WATER RETENTION CURVES (WRC)

A typical WRC for geotextiles is shown in Figure 2 
(Bouazza et al., 2006). The WRC shows how the 
volumetric water content for a material changes 
with increasing or decreasing suction. The des-
orption curve (drying path) starts with an initially 
saturated sample and then increasing suction is 
applied until the sample reaches residual mois-
ture conditions (going from left to right on the 
WRC). The initial saturated volumetric water con-
tent is the same as the porosity since all the air in 
the sample has been replaced by water. The final 
residual water content is due to a small amount of 
water trapped in the soil pores with no pathway to 
escape. The air entry value is the value at which the 
sample first starts to no longer be saturated. The 
adsorption curve (wetting path) starts out with an 
initially dry sample and then decreasing suction is 
applied until the sample becomes saturated (going 
from right to left on the WRC).

For a geotextile WRC, there is a pronounced 
hysteresis between wetting and drying paths. 
An explanation for this hysteresis is that air 
becomes entrapped in the larger pores, which pre-
vents the geotextile from becoming saturated. The 
hysteresis for soil WRC is not as prevalent as for 
geotextiles. Furthermore, geotextile wetting curves 
obtained via different methods such as hanging 
column and capillary rise show varying amounts 
of hysteresis (Krisdani et al., 2006).

Figure 3 shows how the WRC varies for differ-
ent types of soils (Fredlund et al., 1994). The soils 
with smaller pore sizes have higher capillary forces 
and need higher suction to remove water. For 
coarse-grained soils, the volumetric water content 

Figure 1. Typical 4DG wicking fiber cross-section.

Table 1. List of geotextiles for testing program.

Name Geotextile description

GT1 Non-woven PP (Mirafi 180 N)
GT2 Woven wicking (Mirafi H2Ri)
GT3 NW 50/50 4DG wicking/PP
GT4 NW 50/50 4DG wicking/Hydrophilic
GT5 NW 100% 4DG wicking
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decreases sharply over a narrow range of suction. 
For fine-grained soils, the volumetric water con-
tent decreases slowly over a large range of suction. 
This behavior is explained by the pore size distribu-
tion of the soils (McCartney et al., 2005). Coarse-
grained soils generally have a uniform pore size, 
while finer grained soils have a larger distribution 
of smaller pores. A WRC for a geotextile is similar 
to that of a coarse-grained soil. Since a geotextile 
has uniform and comparatively large pores, the 
WRC shows a steep drying path. The main dif-
ference between a soil and geotextile WRC is the 
wetting path.

2.1 Modified hanging column test

The hanging column test commonly used for soils 
can be modified for geotextiles as shown in the 
setup by Stormont et al. (1997) in Figure 4. The 
entire system is sealed to the environment to pre-
vent moisture losses from evaporation. A geotex-
tile specimen is placed into contact with a saturated 
porous ceramic plate in a Buchner funnel. A seat-
ing load is placed on top of the geotextile speci-
men so that the geotextile remains in contact with 
the ceramic plate throughout the test. The funnel 

can be raised or lowered and the head difference 
between the bottom of the geotextile and the sur-
face of the water reservoir is the applied suction. By 
raising the funnel to various heights and weighing 
the geotextile specimen after waiting 24–48 hours 
at each stage to reach equilibrium, the entire WRC 
for the geotextile may be obtained.

2.2 WRC of the wicking geotextile

The modified hanging column setup in Figure 4 
was used to obtain the WRC for the woven wick-
ing geotextile (GT2). Both the drying and wetting 
curves can be seen in Figure 5. The van Genuchten 
function was used to fit a curve through the data 
for the drying path. From the WRC, it is observed 
that GT2 has a comparatively low porosity, of 
around 0.2. Also, the volumetric water content 
does not decrease sharply over a narrow suction 
range like a regular geotextile. Instead, the water 
content decreases gradually like a fine-grained 
soil. However, the WRC is still in a low suction 
range, which corresponds to a coarse-grained soil. 

Figure 2. Typical geotextile WRC (Bouazza et al., 
2006).

Figure 3. Typical WRCs for different soil types 
(Fredlund et al., 1994).

Figure 4. Setup of a modified hanging column test for 
geotextiles (Stormont et al., 1997).

Figure 5. Water retention curve for GT2.
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For example, in Figure 3, the suction range for a 
silty soil goes up to 1,000 kPa. For the sandy soil, 
the suction range only goes up to 10 kPa, just like 
for GT2.

Another observation from the wetting curve 
portion of the WRC is that the wicking geotextile 
barely absorbed moisture upon wetting. This may 
just be for the same reasons as other geotextiles 
which also have minimal absorption upon wet-
ting. It can be noted that this hysteresis may be the 
result of the wicking fibers not being in contact 
with the porous stone as shown in Figure 6. The 
wicking geotextile is composed of black PP fibers 
and white nylon fibers. Because the geotextile is 
woven, the surface of the geotextile is uneven and 
while the PP fibers contact the porous stone, the 
nylon fibers do not. Since the PP does not absorb 
moisture and the wicking geotextile depends on the 
nylon fibers for its moisture capacity, this lack of 
contact may be why so little water is absorbed dur-
ing wetting. This may not be an issue in actual soil 
because the soil should fill in all the pore spaces 
between the PP fibers.

2.3 Comparison of mirafi wicking geotextile 
WRC to other materials

The WRC of the nonwoven geotextile GT1 is 
shown in Figure 7. The nonwoven blends of wick-
ing fiber GT3 and GT4 had a WRC very similar to 
that of GT1. The nonwoven geotextiles behave as 
expected, with a sharp decrease in water content 
over a very narrow suction range. The drying curves 
for the nonwoven geotextiles cover a wider range 
of moisture content, which differs from the drying 

curves from GT2. This is expected however, since 
the nonwoven geotextiles are thicker than GT2 and 
have more moisture storage capacity. The impor-
tant difference in the curves of GT1 and GT2 is the 
water entry suction on the wetting curve. GT2 has 
a water entry value of 5 kPa while GT1 has a water 
entry value of 0.2 kPa. This means that GT2 will 
start absorbing water faster than GT1 and possibly 
be able to minimize the moisture buildup from a 
capillary barrier.

3 SMALL SOIL COLUMN CAPILLARY 
BARRIER MODEL

The experimental setup to monitor the formation 
of a capillary barrier is shown in Figure 8. The 
setup consists of a 19.7 cm diameter column with 
15 cm of clay compacted in five lifts of 3 cm. The 
column is instrumented with three time domain 
reflectometer (TDR) probes to monitor water 
content. Flow is supplied to the column from 
above with a low flow pump at a constant rate of 
0.38 mL/min. The flow is evenly distributed with 
a large filter paper at the top of the soil column. 
Beneath the soil is a geotextile underlain by 2 cm 
of clean gravel. The geotextile extends 3 cm from 
the edge of the column to allow for lateral drain-
age. There is a base plate underneath the gravel 
with an array of holes drilled into it to allow water 
to drain from the column. The water drains into 
a tipping bucket connected to the bottom of the 
column which is used to indicate when water has 
penetrated into the gravel layer.

All column tests used the same clay soil at a rela-
tive compaction level of 80%, which corresponds 
to a porosity (i.e., saturated volumetric moisture 

Figure 6. Diagram of GT2 over porous stone.

Figure 7. Water retention curve for GT1.
Figure 8. Setup for small soil capillary barrier model 
(Pickles 2009).

CAICEDO.indb   562CAICEDO.indb   562 12/27/2012   5:02:44 PM12/27/2012   5:02:44 PM



563

content) of 0.46. Also, all tests had a target initial 
volumetric water content of 0.15.

The geotextile and the gravel cause the devel-
opment of a capillary barrier, creating moisture 
buildup in the column. Moisture keeps building up 
above the geotextile until a certain point, at which 
point breakthrough is achieved and there is finally 
flow through the geotextile into the gravel layer. 
At this point, there will be minimal storage in the 
gravel layer before the tipping bucket detects that 
breakthrough has occurred.

3.1 Moisture data

The capillary barrier formation is observed with 
the TDRs that are installed throughout the soil 
column. Figure 9 shows an example of volumet-
ric water content with time as measured by the 
TDRs. Initially, the entire column is at a volu-
metric moisture content of 0.15. After the pump 
is turned on, the top TDR sees a jump in water 
content as it does not take long for the wetting 
front to reach the top probe. The moisture con-
tent for the top TDR remains constant at about 
0.25 as the moisture front progresses downward 
into the column. The other two TDRs see simi-
lar jumps in water content as the moisture front 
reaches their location. If  there were no gravel layer 
or geotextile, then the moisture content would 
remain at 0.25 for all three TDRs after the pass-
ing of the moisture front. However, since there is a 
gravel layer, a capillary barrier develops at around 
2,000 minutes and this is observed in Figure 9. 
Once the wetting front reaches the geotextile, the 
wetting front is impeded and moisture increases 
up the column. The moisture buildup is greatest 
in the bottom TDR and least in the top TDR since 
it takes longer for the wetting front to travel back 
to the top of the column.

Moisture buildup continues until breakthrough 
suction is reached. The water content recorded by 
the TDRs remains constant for the entire column 

after breakthrough has occurred. If  the column did 
not allow for drainage, then water would immedi-
ately flow into the gravel layer upon breakthrough 
and would be detected by the tipping bucket. This 
is indicated by the dotted line in Figure 9. However, 
since the setup allows for drainage, some of the 
moisture buildup is diverted laterally by the geotex-
tile upon breakthrough and does not immediately 
flow into the gravel layer. Eventually, however, 
there will be some moisture that makes it through 
the geotextile and breakthrough will be detected 
by the tipping bucket. This delayed breakthrough 
is indicated by the dashed line in Figure 9.

3.2 Test results

A series of small soil column tests were conducted 
using the five geotextiles listed in Table 1. The goal 
of testing was to see which geotextile performed 
the best in terms of lateral drainage as well as pos-
sibly minimizing the capillary barrier. All geotex-
tiles were unable to reduce the amount of moisture 
buildup from the capillary barrier. This is somewhat 
expected because even though there is a difference 
in the barrier formed for the various geotextiles, 
there is still the common gravel layer for every test. 
This gravel layer forms a second capillary barrier 
which also needs to be overcome before water can 
flow into the gravel layer.

In order to quantify the effect of lateral drain-
age, the percolation rate through the geotextile 
was calculated. This value was chosen instead of 
the actual amount of percolation since some tests 
lasted longer than others and, therefore, were 
exposed to more flow. The percolation reported 
here is only the flow that makes it through the 
base of the column. The idea is that if  a geotextile 
has significant lateral drainage, then most of the 
moisture buildup will escape through the sides of 
the column and only a small amount will be left 
to reach the bottom of the column. Therefore, the 
smaller the percolation rate, the better the lateral 
drainage provided by the geotextile.

To calculate the percolation rate, it was first nec-
essary to calculate the time that the geotextile was 
exposed to flow by subtracting the time it took to 
reach breakthrough from the total amount of time 
that the pump was supplying water to the column. 
To calculate the total outflow at the bottom of the 
column, the number of tips were multiplied by the 
volume per tip. The tipping buckets used in this 
setup have a volume of 8.24 mL per tip. Finally, the 
percolation rate through the geotextile was calcu-
lated by dividing the two previous results. A sum-
mary of these calculations can be seen in Table 2.

The percolation rate data in Table 2 provides 
a comparative assessment of the geotextiles that 
perform better in terms of lateral drainage. It is Figure 9. Example water content data from TDRs.
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clear that the control, regular nonwoven GT1 
performs the worst, as expected. With an inflow 
rate of 0.38 mL/min, GT1 only minimally reduces 
the rate that makes it though the geotextile to 
0.28 mL/min. Therefore, 74% of the applied flow 
reaches the gravel layer. The nonwoven 50/50 blend 
of hydrophilic PP and 4DG wicking fiber (GT4) 
performed better than GT1, but 29% of the inflow 
still made it to the gravel layer instead of being 
redirected laterally. On the other hand, GT2, GT3, 
and GT5 all performed comparatively much better. 
The percolation in columns using these geotextiles 
is reduced to approximately 0.02 mL/min, or an 
order of magnitude difference from GT1. Only 5% 
of the inflow makes it into the gravel layer, indicat-
ing that these three combinations of wicking fiber 
create a geotextile that has very good lateral drain-
age capabilities.

3.3 Dissipation of capillary barrier

While a capillary barrier still developed with each 
of the geotextiles, the lateral drainage function pro-
vided by the wicking fibers was able to dissipate the 
capillary barrier after it formed. Figure 10 shows 
the dissipation of the capillary barrier by GT5. For 
that test, the pump was shut off  about a day after 
breakthrough was detected. Up until this point, 
the moisture in the column had been constant for 
multiple days after the initial breakthrough (not 
the detected breakthrough). As soon as the pump 
was turned off, the geotextile kept laterally wick-
ing away water from the soil immediately above it. 
This corresponded to a drop in moisture content 
in the top TDR of the column. Without a continu-
ous supply, the wetting front continued downward 
until it reached the geotextile where it drained lat-
erally. Eventually, the geotextile was able to reduce 
the moisture buildup from the capillary barrier in 
the middle and bottom of the column as well.

The GT5 geotextile saw the greatest moisture 
buildup dissipation, which can be expected as it has 
the greatest amount of wicking fibers. Both GT2 
and GT3 were able to dissipate moisture as well, 

but to a lesser extent than GT5. Those geotextiles 
saw a decrease in moisture content near the top of 
the column, but not so much at the bottom of the 
column.

It is important to note that the decrease in mois-
ture content in the column once the water supply 
is removed is not attributed to a drying front from 
evaporation. Tests run with geotextiles with no 
wicking fibers maintained constant water contents 
for days after removing the water supply. Only 
after a few days did the water content near the top 
of the column begin to slightly decrease. Tests were 
conducted indoors at room temperature and a low 
relative humidity of approximately 30%.

4 CONCLUSIONS

Results from infiltration column tests that allow 
for lateral drainage have shown that various woven 
and nonwoven configurations of geotextiles with 
4DG nylon wicking fiber reduce the moisture 
buildup formed by a capillary barrier. The moisture 
dissipation is a direct result of the lateral drainage 
capabilities of the wicking fiber. Besides drain-
age, this geotextile has the potential to perform 
the functions of separation, filtration, protection, 
and reinforcement. This could lead to an all in one 
geosynthetic product with significant cost savings. 
Overall, these features are expected to help prevent 
common geotechnical problems associated with 
the use of geotextiles in unsaturated soils.

Ongoing tests are focusing on the conclusion 
from the WRC for the wicking geotextile which 
found that the wicking geotextile could minimize 
moisture buildup from a capillary barrier. New 
blends of nonwoven fibers will be tested in the 
same small soil column setup, but no lateral drain-
age will be allowed. Also, the gravel layer will be 
replaced with a layer of the same clay that makes 
up the rest of the column. Therefore, any moisture 
accumulation will solely be attributed to a capil-
lary barrier from a geotextile and not the gravel 

Table 2. Percolation rate calculations.

Test value Test 1 Test 2 Test 3 Test 4 Test 5

Geotextile GT1 GT2 GT3 GT4 GT5
Time to brkth.* 3,575 4,640 4,487 4,951 11,622
Total test time* 5,896 5,481 6,665 5,472 12,740
Δ (Tbkth – Ttotal)* 2,321 841 2,178 521 1,118
Number of tips 79 2 8 7 2
Apprx. outflow† 651 16 66 58 16
Percolation rate‡ 0.280 0.020 0.030 0.111 0.015

* minutes † mL ‡ mL/min.
Figure 10. Dissipation of capillary barrier by GT5.
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layer since it is not present. Hopefully, one of the 
nonwoven blends will allow for complete passage 
of water into the base layer, with no additional 
moisture buildup. Thus creating a geotextile that 
does not form a capillary barrier.
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ABSTRACT: A series of shear strength tests using identical specimens but at different degrees of 
saturation were performed. Since the specimens were identical the most important variable affecting the 
shear strength and undrained strength parameters is the change in suction stress that modifies the state of 
effective stress, thus affecting soil behavior. Laboratory results demonstrated that this change in degrees 
of saturation has an effect on certain types of soil that can be significant for design. Three types of geo-
technical engineering projects were analyzed: spread footing design, earth retaining structures design, and 
slope stability analysis. Changes in dimensions and safety factors of shallow foundation can be seen from 
a change in suction stress. Earth retaining structures performance and slope stability was also analyzed 
for the changes observed. Finally, a comparison between safety factors and its relationship to uncertainty 
in geotechnical engineering design at different degrees of saturation was performed.

America could produce on the undrained shear 
strength parameters normally used for geotechnical 
design.

Since many factors can affect the shear strength 
parameters of cohesive soil it is imperative that 
the soil specimen densities be controlled in order 
to isolate the influence of water content. If  cer-
tain void ratio remains constant for all specimens 
tested the only variable affecting the shear strength 
is the suction stress. Compacted specimens with 
fixed values of void ratio but different water con-
tent percentages were used to analyze the influence 
of degree of saturation on the soil behavior. It is 
worth mentioning that if  the specimens are com-
pacted at the same void ratios but with different 
water contents not only the degree of saturation is 
a variable but also the internal structure of the soil 
which is dependent on the amount of water use for 
compaction. These changes in structures can also 
affect the shear strength of the soil, but they can 
be considered also a consequence of the changes 
in the suction stress. According to Mitchell (1997), 
soil structure can be defined as the combined effect 
of fabric, composition, and interparticle forces. 
Nevertheless, Mitchell (1997) mentioned that the 
mechanical properties of soils are influenced by 
the soil type, the structure type, and the stresses, 
and soil structure and interparticle forces are 
included in our definition of suction stress. On the 
other hand, the resulting fabric, after the compac-
tion process is done, will be affected by the energy 
of compaction and the degree of saturation, but 

1 INTRODUCTION

A series of shear strength tests were performed on 
six different types of soils at controlled densities 
and degrees of saturation. Testing included fully-
saturated triaxial and unconfined compression 
tests at different degrees of saturation. Since the 
specimens were prepared at the same densities, 
and using the same soil type, the most impor-
tant variable affecting the shear strength of these 
soils and in its undrained strength parameters, is 
the change in suction stress. Baltodano-Goulding 
(2006) performed direct shear testing and tensile 
strength testing on unsaturated F-40, F-55, and 
F-75 Ottawa Sand with three different particle 
sizes to isolate the effects of changes in the degree 
of saturation on the shear strength on those types 
of soils. It was concluded that for this particular 
kind of soil the effect of the changes in matric suc-
tion resulting from varying the degree of satura-
tion were minimal. So it could be inferred that for 
similar granular soils changes in shear strength 
parameter related to water content might be mini-
mal too, due to the small ranges of matric suction 
that these soils can developed.

However, for cohesive soils, where forces other 
than capillary forces act, these changes could 
become more critical in the shear strength param-
eters obtained. It is for this reason that it was 
decided to investigate the changes that varying the 
degree of saturation on several type of cohesive 
soils from different parts of Costa Rica, Central 

CAICEDO.indb   567CAICEDO.indb   567 12/27/2012   5:02:45 PM12/27/2012   5:02:45 PM



568

since the specimens were prepared at the same void 
ratio those changes in fabric are due to the change 
in degree of saturation, so it is also captured in our 
definition of suction stress.

While considering the effective stress in unsatu-
rated soils, the macroscopic stresses such as total 
stresses, pore water pressure, and pore air pressure, 
must be considered. However, the microscopic 
stresses such as physical-chemical forces among 
the particles, and capillary forces must also be con-
sidered (Baltodano-Goulding 2007). According 
to Lu & Likos (2006), the effective stress in 
unsaturated soils can be expressed in a general 
macroscopic equation capturing all the micro-
scopic effects in one term called suction stress, i.e. 
the microscopic forces contributing to the state 
of effective stress of the soil such as physical-
chemical forces at the saturated state, changes on 
those forces due to desaturation of the soil, capil-
lary forces, and matric suction effects, can be com-
bined in a macroscopic terms called suction stress. 
This term will allow us to attribute all changes in 
shear strength for typical soils, when the degree of 
saturation is a variable, to the suction stress.

In order to evaluate if  the expected changes in 
shear strength parameters could have a significant 
effect on the level of safety or could be used to 
optimize the design process of geotechnical struc-
tures, it was decided to perform simple design cal-
culations of shallow foundations, retaining walls, 
and slope stability analysis.

2 MATERIALS AND METHODS

Soils used for this research were obtained from 
the sites listed on Table 1. All of these soils are 
located within the Central Valley in Costa Rica, 
Central America. Laboratory testing included 
water content, Atterberg limits, grain size 

distribution, standard Proctor, UU triaxial tests, 
and unconfined compression tests. Preparation 
of the soil specimens included sieving through the 
# 4 sieve in order to create a particular type of soil 
that can be classified as a fine grain size soil plastic 
or non-plastic.

Compacted specimens were prepared using 
Ladd (1978) undercompaction method. This 
method allows achieving homogeneous specimens 
and reproducible densities.

Once the laboratory testing was finished and 
undrained shear strength values were obtained, 
design of square footings for an allowable pressure 
of 35 kN, cantilever, gravity, and tie-back retain-
ing walls, and slope stability analysis for a 2.5:1, 
15 meter-high slope with a 150 kPa distributed sur-
charge load, were performed at different degrees of 
saturation.

Square footing design was calculated using 
Terzaghi´s bearing capacity equation for square 
footing using a bearing capacity factor (Nc) of 
5.74. First shallow foundations were design with 
a fix allowable pressure and a factor of safety of 
3.0 for each value of undrained shear strength 
determined, for each type of soil at the different 
degrees of saturation producing different founda-
tion widths.

Lateral earth pressures were calculated using 
Rankine´s and Coulomb´s theory. On the other 
hand, tie-back walls were design using the SNAIL-
win version 3.10 software from the California 
Department of Transportation.

Slope stability analyses were performed using 
a limit equilibrium approach (method of slices). 
Three methods were used to estimate the factor of 
safety: Fellenius, simplified Bishop, and simplified 
Janbu. In addition, a seismic coefficient of 0.25 
was used during the analysis, which is appropriate 
for the Central Valley zone in Costa Rica. Analy-
ses were made using the SLIDE 5.0 software from 
Rockscience Inc.

Then retaining walls were design with fix dimen-
sions producing different factors of safety for each 
value of undrained shear strength determined, for 
each type of soil at the different degrees of satu-
ration. Wall dimensions were varied in order to 
maintain a factor of safety of 1.5 for sliding and 
overturning, and of 3.0 for bearing capacity.

Finally slope stability analyses were performed 
with a fix height and surcharge producing differ-
ent factors of safety for each value of undrained 
shear strength and total unit weight determined. 
All analyses and designs done for this work are for 
short-term conditions.

The applicability of determining shear strength 
changes with saturation greatly depends on either 
assuring that a particular saturation condition 
will be maintained in the field or that a good 
understanding of the soil conditions is achieved, 

Table 1. Soil specimen properties.

Soil
Classification 
(USCS)

Atterberg 
limits

Standard Proctor 
results

LL PI

Dry unit 
weight 
(kPa)

Optimum 
water 
content (%)

1 MH 55 22 15.3 23.5%
2 CL 38 15 16.8 19.5%
3 SC 28 9 20.8 12%
4 SC 40 15 16.9 16%
5 SC 47 18 15.5 21%
6 SM 26 NP 19.6 11%
7 CL 36 8 12.7 28%
8 ML 40 NP 10.8 37%
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before design and construction of the geotechnical 
structure. Since the degree of saturation is affected 
by precipitation, infiltration, evapotranspiration, 
and soil characteristics such as soil type, structure 
and state of effective stress, to ensure that satura-
tion will remain constant throughout time is very 
difficult, even if  an efficient drainage system is 
constructed. Therefore, it is probably better to 
focus on achieving a better understanding of soil 
conditions. For instance, if  an unconfined com-
pression test is used to design shallow foundations 
or retaining walls, and the degree of saturation 
of the sample is less than the maximum probable 
degree of saturation, unsafe conditions could be 
developed. On the other hand, if  a design suction 
value (Fredlund & Rahardjo 1993) is determined, 
it might be possible to design for that condition 
instead of for a fully saturated condition and opti-
mized our designs. Also the need for a probabilistic 
geotechnical design might be necessary.

3 RESULTS

Undrained shear strength were determined from 
unconfined compression tests using specimens 
at approximately the same density and varying 
degrees of saturation. Results for all type of soil 
tested and one of the two void ratios used are 
shown in Table 2.

3.1 Shallow foundation design results

Considering that a change in the degree of satura-
tion produced a chance in unconfined compression 
values, shallow foundations were designed for the 
different types of soil, degrees of saturation and 
void ratios. Table 3 shows results obtained for soil 
4 and 6 considering change in dimensions and cost 
associated to this change. It was observed that for 
increasing degree of saturation, on the same soil at 
the same density, a reduction in the design safety 
factor could be produced generating and unsafe 
condition, if  a redesigning of the footing is not 
performed.

3.2 Earth retaining wall design

Earth retaining walls were also designed for the dif-
ferent types of soil, degrees of saturation and void 
ratios. It was observed that the factors of safety 
for overturning, sliding, and bearing capacity have 
a tendency to decrease as the degree of saturation 
increases.

Using results obtained for soil 3 the factors of 
safety were evaluated for an 8-meter tall wall. Tie-
backs with 10 degree inclinations from the hori-
zontal plane and 400 kN tensile strength, located 
every 2 meters horizontally and every 2 meters 

vertically were used. The results obtained showed 
a reduction in the factor of safety as the degree of 
saturation increased. The results obtained using 
the SNAILwin version 3.10 software developed by 

Table 2. Undrained shear strength testing results.

Soil Void ratio

Degree of 
saturation 
(%)

Total unit 
weight 
(kN/m3)

Undrained 
shear strength 
(kPa)

1 0.89 48 16.2 31
58 16.7 121
68 17.2 99
81 17.8 104
90 18.2 79

2 0.58 48 18.5 237
58 18.9 213
70 19.3 200
80 19.6 160
96 20.2 115

3 0.50 50 19.3 45
68 19.9 27
79 20.2 11
82 20.3 7

4 0.70 56 17.8 75
60 18.0 65
74 18.6 49
80 18.8 25
84 19.0 15

5 0.53 33 18.4 13
44 18.8 17
45 18.8 27
53 19.1 31
57 19.2 35

6 1.10 39 14.6 85
45 14.9 102
64 15.9 100
65 16.0 97
71 16.3 120

7 1.0 21 13.4 86
33 14.4 177
35 14.4 30
36 15.2 68
36 14.8 148
42 15.1 45
43 15.1 96
44 15.0 87
46 15.1 27

8 1.10 39 13.5 126
40 13.8 95
46 13.7 97
48 13.7 61
56 14.0 154
58 14.1 81
60 14.1 18
63 14.5 127
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the California Department of Transportation are 
summarized in table 4.

As shown in table 4, if  a particular factor of 
safety needs to be maintained the reinforcement 
pattern will have to be changed according to the 
degree of saturation, thus affecting the design.

3.3 Slope stability analysis results

Finally, it was observed that the factors of safety 
for the slope stability analyses performed have a 
tendency to decrease as the degree of saturation 
increases. Table 5 shows the factors of safety as a 
function of degree of saturation for soil 1 and 2 
using SLIDE 5.0 from Rockscience Inc.

4 CONCLUSIONS

It was determined that for a change in degree of 
saturation, the shear strength of the soil investi-
gated can be affected due to a close relationship 

among the degree of saturation and the suction 
stress.

It was also observed that a suction stress 
decrease can produce a decrease in undrained 
shear strength, thus affecting geotechnical engi-
neering designs. However, it is important to men-
tion that due to the double peak behavior that 
these soils exhibit, there are portion of the suc-
tion stress vs. shear strength curve that will pro-
duce an increase in shear strength for an increase 
in degree of saturation, even though the overall 
tendency is to have a decrease in shear strength as 
the degree of saturation increases. This behavior 
is more common in granular soils, as mentioned 
by Baltodano-Goulding (2006), than in fine grain 
soils where the saturation mechanisms are more 
complex; however, it was observed as part of this 
research, in fine soils too. This observed reduc-
tion in shear strength, as the degree of saturation 
increases in the capillary regime and decreases in 
the funicular regime, could produce and unsafe 
condition, if  this reduction is not analyzed or con-
sidered during the design stage.

The observed variations in level of safety for the 
geotechnical structures analyzed suggests that prob-
abilistic design procedures that somehow account 
for the uncertainty of shear strength parameters 
related to changes in the degree of saturation could 
be a good tools in dealing with this problem. The 
author is currently involve in a research project 

Table 3. Saturation influence on shallow foundation 
dimensions for soil 4 and 5. Gomez & Baltodano-Gould-
ing (2009).

Soil Void ratio

Degree of
saturation
(%)

Foundation 
width (m)

4 0.70 56 0.87
60 0.93
74 1.07
80 1.50
84 1.95

5 0.87 33 0.76
44 0.78
45 0.69
53 0.67
57 0.73

Table 4. Tie-back wall factors of safety for soil 3 at dif-
ferent degrees of saturation and void ratios.

Void 
ratio

Degree of 
saturation (%)

Undrained shear 
strength (kPa)

Factor of 
safety

0.35 51 195 5.7
64 155 4.1
70 87 2.4
84 90 2.5
94 35 0.9

0.50 50 45 1.3
68 27 0.8
79 11 0.3
82 7 0.2

Table 5. Slope stability results for soil 1 and soil 2.

Soil Void ratio

Degree of 
saturation 
(%)

Bishop 
simplified 
factor of 
safety

Janbu simpli-
fied factor of 
safety

1 0.89 48 0.3 0.4
58 1.3 1.4
68 1.1 1.1
81 1.1 1.2
90 0.8 0.9

0.70 53 1.2 1.3
67 1.9 2.0
77 2.2 2.3
89 1.8 1.8

2 0.58 48 2.5 2.6
58 2.2 2.3
70 2.0 2.1
80 1.6 1.7
96 1.1 1.2

0.50 57 4.9 5.1
70 4.0 4.1
76 2.7 2.8
85 2.6 2.6
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which pretends reduce the uncertainty of soils by 
considering changes in water content.

REFERENCES

Baltodano-Goulding, R. (2006). “Tensile Strength, 
Shear Strength, and Effective Stress for Unsaturated 
Sand” Doctoral Dissertation. University of Missouri-
Columbia.

Baltodano-Goulding, R. (2007). “Suction Stress Char-
acteristic Curve for Unsaturated Ottawa Sand” 60th 
Canadian Geotechnical Conference/8th Joint CGS/
IAH Conference. October 21 to 24, 2007. Ottawa, 
Ontario, Canada.

California Department of Transportation. SNAIL win 
version 3.10 software. Soil Reinforcement Program. 
Sacramento, California.

Fredlund, D.G. & Rahardjo, H. (1993). “Soil Mechanics 
for Unsaturated Soil”. Wiley & Sons Inc. New York.

Gomez, C. & Baltodano-Goulding, R. (2009). “Suction 
Stress Effect on the bearing capacity of Shallow 
Foundations” III South American Young Geotechnical 
Engineers Conference, March 30 to April 1 2009. 
Cordoba, Argentina.

Ladd, R.S. (1978). “Preparing Test Specimens using 
Undercompaction”. Geotechnical Testing Journal, 
pp. 16–23. GTJDJ. March 1978.

Lu, N. & Likos, W. (2006). “Soil Suction Characteristic 
Curve”. Journal of Geotechnical and Geoenviron-
mental Engineering. February 2006 pp. 131–142.

Mitchell, J.K. (1993). “Fundamentals of Soil Behavior”. 
John Wiley & Sons, Inc. New York.

Rockscience Inc. SLIDE version 5.0 software. Toronto, 
Ontario, Canada.

CAICEDO.indb   571CAICEDO.indb   571 12/27/2012   5:02:45 PM12/27/2012   5:02:45 PM



This page intentionally left blankThis page intentionally left blank



573

Advances in Unsaturated Soils – Caicedo et al. (eds)
© 2013 Taylor & Francis Group, London, ISBN 978-0-415-62095-6

Quantification and modeling of water flow in sandy soils 
in Northeast Thailand

S. Seltacho
Land Development Department, Khon Kaen, Thailand

V. Sriboonlue
Khon Kaen University, Khon Kaen, Thailand

N. Suwanang & W. Wiriyakitnateekul
Land Development Department, Bangkok, Thailand

C. Hammecker
Institut de Recherche pour le Développement UMR 210 - LDD, Bangkok, Thailand

ABSTRACT: Northeast Thailand is characterized by an undulating landscape that has undergone 
important land use changes during these last decades. After massive land clearing of the uplands, the 
global water balance has been modified, as illustrated by a general upraise of a deep water-table. Recently 
rubber trees have been planted widely in the uplands to replace cash crops introduced after deforesta-
tion. In order to evaluate the environmental incidence of this new land use, an experimental site has been 
installed in a mini watershed near Khonkaen. These studies focused especially on the quantification and 
modeling of soil water flow and on the evaluation of the sustainability of this cropping system. At the 
present stage of development the young trees’ water uptake is not affecting significantly water balance. 
However modeling predicted that the water resources won’t be sufficient for the trees once mature with 
the present planting density.

the end of 19th century for it’s sap (latex) and has 
become a major economic crop. This plant has 
been spread extensively over many tropical regions 
in the world, especially in South-East Asia and 
Africa. Nowadays most of rubber tree plantations 
are located in South-East Asia and particularly in 
Thailand which is the world’s first natural rubber 
producer and exporter. Traditionally rubber pro-
duction is located in the south of Thailand where 
the climatic and edaphic conditions are optimal. 
However in order to face the increasing demand 
for natural rubber, and to help small holders to 
increase their incomes, Thai government pro-
moted the development of rubber tree plantations 
in the uplands of North-East Thailand. Despite 
adverse environmental conditions in this region 
due to insufficient rainfall (less than 1300 mm/year 
instead of 1500 mm/year usually recommended) 
as well as soil unfertility, local farmers have widely 
planted rubber trees in the area without consid-
ering the climatic and edaphic specificity of the 
region. In order to quantify the effect of rubber 
tree plantation on the region’s water resources, and 
to evaluate the sustainability of this activity, a mini 

1 INTRODUCTION

The North East of Thailand (Isaan) is the poorest 
and most populated region of the country, relying 
mainly on agricultural production for its economical 
development. It is characterized by an undulating 
landscape with paddy fields located in the lowlands 
and the uplands were traditionally covered by orig-
inal Dipterocarpus forest. However development of 
cash crops (sugar cane, cassava,..) has led to inten-
sive land clearing during these last 50 years in the 
uplands (Wil1iamson et al., 1989). The replace-
ment of trees by annual crops has increased runoff, 
soil erosion and has drastically modified the water 
balance at a regional scale, with a general upraise 
of a deep groundwater. Evapotranspiration in the 
recharge areas decreased notably when shifting 
from forest to annual crops, and therefore the rain-
fall contributed to the recharge of a groundwater 
leaching Eocene salt deposits. one of the off-site 
effect of the upraise of the saline groundwater was 
soil salinization in the low lands.

Rubber tree (Hevea brasiliensis) originally found 
in the Amazon rainforest has been exploited since 
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watershed in the region of Khon Kaen has been 
selected to monitor the different components of 
the water balance along a toposequence. A special 
focus will be put on the evolution of the ground-
water level, in order to test the possibility to draw 
it down to its original depth. Time necessary to 
measure actual changes in the water balance is gen-
erally long, therefore numerical simulation will be 
used to quantify and forecast these processes and 
test alternative situations.

2 MATERIAL AND METHODS

2.1 Location and soil description

The experiments were conducted along a topose-
quence in a mini watershed of 2 km2 located near 
Ban Non Tun, 19 km southwest of Khon Kaen 
(16º, 19' 55"N, 102º 44' 36"E). In this area most 
of the surface (100 ha) is covered with young rub-
ber trees, ruzi grass (Bracharia Ruziziensis) on the 
slopes and paddy fields are in the low land. The 
soil description revealed a general shallow soil pro-
file ranging from 0.9 m in the upper part of the 
toposequence to 2.7 m downslope, in the waterway. 
The soil is composed of a sandy layer of 0.7 m to 
2.2 m overlying a denser clayey layer in contact 
with the bed rock which is composed of weathered 
and fractured sandstone (Figure 1).

2.2 Soil physical properties

Water flow in soil is governed by the unsaturated 
soil properties, namely their hydraulic conductiv-
ity and water retention curves. As these parameters 
are often tedious and expensive to measure, the 
Beerkan method (Braud et al., 2005, Haverkamp 
et al., 1994, Lassabatere et al., 2006) had been 
chosen. This method is based on derivation of 
the retention curve from particle size distribution 
and hydraulic conductivity from a simple single 
ring infiltration experiment. This method has been 
shown to provide good estimation of the unsatu-
rated soil properties and to be robust (Lassabatere 
et al., 2006, Mubarak et al., 2009).

2.3 Water flow quantification

Fine quantification of water balance in the soil-
plant-atmosphere system at the experimental plan-
tation in Ban Noon Tun was achieved through 
the installation of specific equipment. It is com-
posed of a succession of three monitoring sta-
tions recording the changes in soil water content 
(capacitive soil moisture probes), the matrix poten-
tial (tensiometers) at different depths (0.10, 0.25, 
0.45, 0.60 and 1.10 m), the level of the water-table 

(piezometers), meteorological data (temperature, 
relative humidity, wind speed, global radiation) 
and the flow rate of sap (heat dissipation probes).

2.4 Modelling

2D soil water flow modelling along the topose-
quence has been performed with the HYDRUS2D 
software that allows simulation of water flow, heat 
transfer and solute transport in variably saturated 
porous media. The 2D form of Richards equa-
tion is solved numerically with the finite element 
method. The domain represents a 2D section along 
the toposequence, the horizontal distance is 360 m 
and the vertical distance is 20 m upslope and 11 m 
downslope (Figure 2). The upper boundary con-
ditions were set to atmospheric conditions with 
experimental meteorological data and sap flow 
measurements (rainfall, evaporation and tran-
spiration). Lower boundary condition was set to 
variable pressure head corresponding to measured 
piezometric head, while lateral boundary condi-
tions were set to zero flux. The root uptake proce-
dure was computed with the model of Fedes and 
parameters from litterature (Vijayakumar et al., 
1998). The root density was set to 0.5 from the 
soil surface until a depth of 80, 100, and 150 cm 
respectively in upslope, midslope, and downslope 

Figure 1. Soil profile with sandy layers (1, 2 and 3) on 
the top, and clayey layer (4) overlying the bedrock (5).
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position. The unsaturated soil parameters obtained 
with Beerkan method were used as first guess for 
the calibration procedure, using data from 13 May 
2007 to 31 December 2007. The goodness of fit for 
the various simulations was quantified using the 
RMSE values, calculated with moisture contents 
for the entire simulation period.

RMSE
L iL i

L

θ( )tθθ ( )iθ θi= ∑
=

1 2

1  

(1)

where L is the number of measured and computed 
values of soil moisture, respectively θ  and θ .

These parameters were then validated during 
a simulation period of one year in 2008, taking 
into account the corresponding daily boundary 
conditions.

In order to simulate the influence of differ-
ent planting density, reduction coefficients were 
applied to the transpiration rates for different sim-
ulations. When this study took place the trees were 
still juvenile with girths of 15 cm, whereas mature 
trees in plantations usually reach 50 cm in girth. 
Therefore the situation with mature trees was also 
simulated, considering proportionality between the 
trunk surface areas (respectively 18 and 200 cm2), 
corresponding to values found for mature trees in 
this area (Isarangkool Na Ayutthaya et al., 2011). 
The spacing of the trees was simulated with reduc-
tion coefficients of 0.8 and 0.5.

3 RESULTS

3.1 Field measurements

The continuous monitoring of soil water content 
and soil matric potential at different depths in the 
soil profile, in different positions along the topose-
quence showed that during the rainy season a 
perched water-table appeared on top of the clayey 
layer. This temporary water-table disappeared rap-
idly after the rainy season until the next rainy sea-
son. Water barely infiltrated into the clayey layer 
and the bedrock underneath.

Due to some technical problems, sap flow 
measurement were not available over the entire 
period of monitoring. Therefore the missing tran-
spiration data were computed from the empirical 
relationship between ETo and the measured sap-
flow values (Figure 3). ETo was calculated from 
meteorological data with Penman-Monteith equa-
tion (Allen et al., 1998) and represents the eva-
potranspiration rate from a reference surface, not 
short of water, generally turf grass growing under 
optimal agronomic conditions. This empirical 
model was validated by other authors, studying the 
same clone in the same area (Isarangkool Na Ayut-
thaya et al., 2011). These results showed that the 
tree transpiration values were extremely low (0.1 to 
0.2 mm/d) mainly because of the small diameter of 
the trees. The quantification of the water flow dur-
ing the rainy season of the soil-plant-atmosphere 
system showed that 44% of the rainfall was taken 
up by the trees and superficial runoff represented 
10%. Storage in the soil and vertical leaching rep-
resented respectively 2% and 4%. Hypodermic 
lateral water flow along the slope was found to be 
very important as it corresponded to 40% of the 
rainfall (Figure 4).

3.2 Modelling

The calibration procedure was achieved both with 
the inverse modelling facility of HYDRUS2D 
and manual fine tuning. The parameters for van 
Genuchten model of retention curve and hydrau-
lic properties are reported in table 1. Their val-
ues were satisfactory in the modeling procedure 
for the description of the soil water flow along 

Figure 2. Geometry of the domain for modelling with 
HYDRUS2D.

Figure 3. Relationship between measured ETo and 
transpiration derived from sap flow.
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the toposequence for the following period of 
monitoring. The model computed the evolution of 
water content and RMSE was 0.054, 0.039, 0.043 
respectively in the upslope, mid-slode and downs-
lope position. Results for long term modelling 
showed that during the rainy season the sandy lay-
ers along the toposequence saturated until build-
ing up a perched water table. On the other hand, 
infiltration was extremely limited throughout the 
clayey layer and the water content of the under-
lying bedrock remained constant. The perched 

water table flowed down the slope and fed the deep 
groundwater at the bottom of the slope where the 
clayey layer was interrupted (Figure 5). In order to 
evaluate the availability of water resources neces-
sary to meet plant requirements, the potential root 
uptake depending on climatic conditions and the 
computed actual root water uptake, taking into 
account the availability of water in soil, were com-
pared (Figure 6). Despite the soil being sometimes 
saturated during the rainy season, the actual root 
water uptake was less than the climatic demands.

Results show that the difference between poten-
tial and actual root uptake diminished when the 
reduction coefficient decreases from 1 to 0.8 and 
0.5. For the case of mature trees with 10 fold tan-
spiration rate the difference was extremely impor-
tant. For the situations with coefficients 1, 0.8 
and 0.5 the actual root water uptake represented 
around 50% of the potential root water uptake. On 
the other hand with the mature tree situation, the 

Figure 4. Distribution of rainfall water in the different 
compartments.

Figure 5. Simulated soil water content along the 
toposequence.

Table 1. Unsaturated soil characteristics for the three 
main soil layers.

θr θs

α
m−1

( × 102) n

Ks
m⋅s−1

( × 10−7)

Sandy 0.01 0.40 0.018 1.8 72
Clayey 0.01 0.38 0.047 1.51 0.0116
Bedrock 0.05 0.34 0.013 1.30 5.8

Figure 6. Simulated difference between the potential 
and the actual root water uptake for different coefficients 
applied to transpiration rate.

CAICEDO.indb   576CAICEDO.indb   576 12/27/2012   5:02:47 PM12/27/2012   5:02:47 PM



577

actual root water uptake represented less than 0.1% 
of the potential water uptake, witnessing clearly 
that the water resources are insufficient to meet the 
requirements for mature trees.

4 DISCUSSION

The measurements of the water flow in soil, soil 
surface, in groundwater and the sap flow in the 
tree trunk showed that during one year, water from 
rainfall is not allocated very efficiently to the plant 
requirements. Half  of the rainfall was wasted with 
lateral hypodermic flow and surface runoff because 
of the pedological features of this soil which is 
shallow and limited by an impervious clayey layer. 
Only 2% of the total rainfall was stored in the soil. 
Numerical simulation of water flow during the 
same period confirmed this fact and showed that 
the perched water table mainly flowed down lat-
erally. Downslope where the clayey layer is inter-
rupted probably because of a deeper position of 
the bedrock, water accumulated in the soil and 
finally fed the deeper groundwater. The temporary 
perched water table connected to the deep ground-
water exclusively by leaks throughout the clayey 
layer in the waterway.

A consequence of this lateral loss of water 
resources for the crops was illustrated by the 
important difference between the potential uptake 
by the roots and the actual uptake computed by the 
model. Considering the limited resources of water 
for the development of this crop, simulation about 
the reduction of planting density were performed 
and showed slight improvement when compared to 
the situation with young trees. The difference was 
therefore drastic when compared to the theoretical 
situation of mature trees where the transpiration 
would be tenfold. It appeared clearly that in this 
situation the water resources were insufficient to 
meet the requirements and therefore jeopardized 
the development of Rubber tree in this area.

5 CONCLUSIONS

In this study where the complete water budget along 
a toposeqeunce in a rubber tree plantation was 
measured and simulated with HYDRUS2D it was 
shown that combination of climatic and pedologi-
cal conditions were adverse for the development 

of the young rubbber trees as half  of the rainfall 
was dedicated to lateral hypodermic flow and 
superficial runoff, and that only a very little part 
was stored in the soil for the rainy season. When 
extrapolated to the water requirements of mature 
trees, numerical simulation showed clearly that the 
pedo-hydric conditions of this area were not suit-
able for the development of the trees at the present 
planting density.
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A rainfall threshold for the occurrence of landslides in manmade slopes 
in residual soils in the northwest of Colombia

C.H. Hidalgo
University of Medellin, Medellin, Colombia

A.P. de Assis
University of Brasilia, Brasilia, Brazil

ABSTRACT: The purpose of this paper was to determine a rainfall threshold to estimate the 
probability of occurrence of landslides in roadway slopes. The analysis was performed for a roadway 
slopes excavated in residual soils derived from igneous intrusive rocks from the stock of Altavista, 
Medellin, Colombia. The threshold were raised in terms of total rainfall accumulated for short term of 1, 
3 and 5 days and precedent moisture in soil due to long term rainfall of 15, 30 and 60 days. Rainfall data 
and landslides recorded for a period of four years were used to determine the thresholds. The thresholds 
found show that for slopes excavated in these soils the amount of rainfall that triggers the landslide is 
about 50% of the rainfall that causes landslides in natural slopes in the same area.

Attempts have been made to develop coupled 
models to simulate the effects of the precipita-
tion on the slope stability (Rahardjo et al., 2001, 
Gitirana, 2005 Karam, 2005, Godt et al., 2008, 
Salciarini et al., 2008, Cascini et al., 2010, Conte & 
Troncone, 2012), these authors have used models 
that consider the gradual advance of the wet front 
and the reduction of suction and shear strength of 
the soils. These methods are still based on major 
simplifications and the input parameters are dif-
ficult and expensive for common cases. Conse-
quently, these methods are still recommended only 
for preliminary assessments and for when there is 
a good amount of measurements of the involved 
parameters (Conte & Troncone, 2012). Due to the 
complexity of relationship rainfall-infiltration-
landslides, in general the evaluation of the process 
of landslides triggered by rainfall is still based on 
empirical methods.

In researches conducted in different parts of 
the world it has been shown that the relationship 
between rainfall and landslides is highly influenced 
by conditions of preceding rainfall or rain accu-
mulated on the ground before the triggering event 
(Chen & Lee, 2004, Ko, 2005, Rahardjo et al., 2001, 
Rahardjo et al., 2005, Rahimi et al., 2010, Brunetti 
et al., 2010, Zêzere et al., 2005, Jaiswal and Van 
Westen, 2009 and 2010, Echeverri & Valencia, 
2004, Moreno et al., 2006, Aristizabal et al., 2010, 
Hidalgo and Assis, 2011). In general these studies 
have identified thresholds with precedent rainfall 
of 15, 30, 60 and 90 days, and different durations 
of triggering events as 1, 3 or 5 days. In some 

1 INTRODUCTION

Landslides represent one of the greatest geotech-
nical problems in countries like Colombia. On 
roads in the Andean zone, the problem of land-
slides results particularly significant due to the 
injuries and deaths of people, as well as its effects 
on mobility and economical loses. Between 2010 
and 2011 in 15 departments of Colombia, the 
landslides on roads caused several deaths and 
injuries while more than USD500 was invested on 
road restoration. However, real direct and indi-
rect economic losses are unquantifiable due to 
lack of information. In general, the rainfall causes 
the majority of these landslides, but the relation-
ship between the process of mass movements and 
rainfall is still poorly understood and there are no 
models to assess this problem in practice.

This work presents a simple statistical relation-
ship between landslides and accumulated rainfall 
on slopes of roadways in residual soils of Altavista 
stock in Antioquia, Colombia.

2 RAINFALL THRESHOLDS

The hydro-mechanical and hydraulic conditions of 
the terrain and the state of saturation of the soil 
are determinant on the conditions of stability of 
slopes. The rainfalls have a double effect: reduce the 
soil cohesion and increase the pore pressure. This 
influence of the rainfall on slope stability depends 
of the duration and intensity of the rainfall.
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studies it has been considered the rainfall intensity 
in the establishment of thresholds.

In residual soils, studies have shown that in 
slopes in well-drained soils (permeability coeffi-
cient of saturated soil ks ≥  10−4 m/s) the stability 
is more affected by high intensity rainfall. In these 
cases the rainfall represents only a fraction of the 
permeability coefficient of the saturated soil. Fur-
thermore, they determined that poorly-drained 
slopes (ks ≤ 10−6 m/s) are more affected by rainfall 
in which the intensity equals ks, rainfalls of high 
intensity but low duration have the greatest influ-
ence on stability (Rahardjo et al., 2007, Rahimi 
et al., 2010).

The triggering effect of rainfall on landslides 
can be estimated using thresholds of failure. These 
thresholds represent a relationship between the 
amount of rain accumulated before and during the 
event of a landslide that are established statistically. 
There are several studies that use the accumulated 
precipitation during the 3 days preceding the event, 
called antecedent rain and rainfall accumulated 
during the 15 days preceding the earlier called prec-
edent rainfall (Echeverri & Valencia, 2004). These 
authors studied the relationship between rainfall 
and landslides in natural slopes of La Iguana river 
basin in the city of Medellin, Colombia, in the 
period 1980–2001 with 40 records of landslides 
and rainfall data of the meteorological station 
“San Cristobal” of the de Medellin public services 
company. For this zone was determined a thresh-
old for a hazard landslide for precedent rainfall of 
15 days (R15) and a 3-day antecedent rainfall (R3) 
and proposed a threshold that was exceeded by 
95% of data processed by them according to the 
equation:

A R R−R +3 1RR RRRR + 560 0 55  (1)

where: A is the hazard of landslide triggered by 
rainfall, R3 is the 3 day antecedent rainfall and R15 
is the accumulated precipitation of the 15 days pre-
ceding the R3.

Later, Moreno et al. (2006) studied the relation-
ship between rainfall and landslides in the depart-
ment of Antioquia, Colombia for the time period 
1974–1998. With a total of 283 landslides have 
determined a threshold according to the equation:

R R3 1R RR R 575 0 5  (2)

where R3 is the 3 day antecedent rainfall and R15 is 
the accumulated precipitation of the 15 days pre-
ceding the R3.

There is some similarity between these two 
equations, the fact results logical when it is con-
sidered that La Iguana river basin is located in 

the department of Antioquia. The differences 
between the two equations are associated with the 
differences in the periods of time analyzed and 
geological and human constraints. The human 
intervention may be more substantial in the Iguana 
basin due to its proximity to hard urbanized areas 
of the city of Medellín.

The threshold proposed by Moreno et al. (2006), 
which is presented in equation 2, was adopted by 
the early warning system of the Aburrá Valley, 
Colombia-SIATA (Aristizabal et al., 2010).

Also for the Aburrá Valley has been identified 
as the most important constraint for the occur-
rence of landslides are the seasonal rainfall, the 
long-term accumulative rainfall of around 60 mm 
in 30, 160 mm in 60 days, and 200 mm for 90 days 
(Aristizabal et al., 2011), the last two quantities are 
called antecedent accumulative rainfall (LAA).

Jaiswal & Van Westen (2009 and 2010) con-
ducted research in which empirical thresholds were 
used to estimate the probability of failure in slopes 
of roadways of southern India. Using the Poisson 
distribution with the estimated rate λ represents 
the average number of events occurring in a unit 
of time or space. The expression for the Poisson 
distribution is:

P
n

e
n

n

x

( )X x≤ = −

=
∑ λn

λ

!0  
(3)

where x and n are positive integers and λ is a 
parameter that denotes the average number of 
events (X) occurring at time t, which can be esti-
mated as:

ˆ =
X
t

λ
 

(4)

Hidalgo and Assis (2010 and 2011) combined 
these empirical relationships to assess risk for 
landslides on a roadway with rainfall data recorded 
on days when there were landslides and without 
considering the probability of exceedance of the 
threshold. The thresholds obtained in these stud-
ies shows a relationship between rainfall of 15 and 
5 days.

3 RAINFALL THRESHOLDS 
DETERMINATION

As a study case, it was considered a section of 
a highway in the eastern sector of the roadway 
named Aburrá Cauca Conection in the depart-
ment of Antioquia, Colombia, between the bridge 
over the river La Iguana and the eastern portal of 
the tunnel Fernando Gomez Martinez, abscissa 
km 4+000 to km 9+100.
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The area where the roadway is located is 
characterized by a geology compounded by igne-
ous intrusive rocks of the Altavista stock. These 
rocks produce layers of residual soils with thick-
nesses up to 50 m. The more superficial soils are 
characterized by low plasticity and low cohesion 
as may be seen in Table 1. The results presented 
in this table were determined with more than 30 
determinations.

Since the beginning of operation of the road 
and for 4 years, this section of the roadway had 
168 landslides which are associated with precipita-
tion. In general the landslides occurred when there 
were large amount of accumulated precipitation as 
seen in Figures 1 and 2 which show the data of the 

climatological station of San Cristobal and records 
of landslides respectively.

Rainfall thresholds were established from daily 
accumulative rainfall antecedent and precedent to 
the landslide, assessing the accumulative effects 
of rainfall by 15, 30 and 60 days. In Figure 3 are 
shown the combinations for rainfall of 5 and 
15 days are showed.

For the purpose of this work the precipitation 
or rainfall antecedent (PA) for the short-term accu-
mulated precipitation, or precipitation in the days 
immediately to the landslide and the precipitation 
of long term (PP). PP is determined as the total 
rainfall accumulated in the days before the PA. 
To establish thresholds, for each day in which there 
were landslides there were determined anteced-
ent rainfall accumulated of 1, 3 and 5 days prior 
to landslides and 15, 30 and 60 days preceding the 
former days, this means that these were generally 
considered rainy periods between 1 and 65 days, the 
data was plot as illustrated in Figure 3. The pro-
posed thresholds were determined considering that 
landslides arise when antecedent rainfall and pre-
ceding rainfall reach their main value. It was evalu-
ated the different possible combinations finding the 
thresholds defined by an equation of the form:

PAj = a − bPPji (5)

where PAj is the accumulated precipitation of 
j days antecedent to the landslides, j = 1, 3 and 5, 
PPi is the accumulated precipitation of i days before 
i = 15, 30 and 60 days.

In Tables 2 and 3 are presented the statistics 
of each parameter considered in the evaluation 

Table 1. Soils characteristics in the area.

Property Mean
Standard 
deviation CV (%)

Dry unit weight (kN/m3) 11.3 1.2 11
Wet unit weight (kN/m3) 15.9 1.4 9
Unsaturated cohesion (kPa) 36.8 21.0 57
Effective cohesion (kPa) 7.3 7.6 103
Unsaturated friction angle (º) 31 6.9 22
Effective friction angle (º) 37.1 4.8 13
Liquid limit (%) 51.6 17.9 0.3
Plasticity limit (%)o 37.2 10.2 0.3
Plasticity index (%) 14.4 12.7 0.9

Figure 1. Accumulated daily rainfall by San Cristobal 
meteorological station (Hidalgo and Assis 2011).

Figure 2. Data of landslides occurrence in the roadway 
(Hidalgo y Assis 2011).

Table 2. Antecedent rainfall.

San cristobal station

PA5 PA3 PA1

Mean 46.5 32.4 14.0
Standard deviation 32.4 25.3 13.9
CV 0.7 0.8 1.0

Figure 3. Combinations of total accumulated rainfall 
of 5 and 15 days, for days with landslides.
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using different combinations with Equation 5. The 
parameters used were the antecedent precipitation 
of 1 day (PA1), antecedent rain 3 days (PA3), 5-day 
antecedent rainfall (PA5), accumulated precipita-
tion of the 15 days preceding the 1, 3 and 5 days 
(PP1/15, PP3/15, PP5/15) accumulated precipitation 
from the previous 30 days 1, 3 and 5 days (PP1/30, 
PP3/30, PP5/30) and cumulative rainfall 60 days pre-
ceding the 1, 3 and 5 days (PP1/60, PP3/60, PP5/60). 
In Table 4 the coefficients a and b are presented 
for each combination, the number of days that the 
threshold has been exceeded (N) and had land-
slides and the probability of the threshold being 
exceeded during these days (PE).

For rainstorms of short duration, in this case 
events of 1 day of duration, is observed that the 
values of the intercept of the threshold is 14.02 mm 
and that the threshold has been exceeded between 
80.9 and 84.3% of the days with landslides.

This implies that when the moisture is high, 
long-term accumulative rainfall 15, 30 or 60 days 
with values between 78.1 mm and 268.2 mm short 
rains, and low intensity rainfalls in the order of 
3.11 mm to 2.14 mm can cause landslides. For pre-
ceding rainfall of 30 days the threshold presents 
an exceedance rate of at least 84.9, and exceed-
ance rates greater than 76% in the case of 15 and 
60 days. In this work is proposed for short duration 
storms a threshold based on precipitation preced-
ing 30 days with the following equation:

PA1 = 14 − (0.1)PP30 (6)

where PA1 is the accumulated precipitation of 
the day before to the event and PP30 is the rainfall 
accumulated in the previous 30 days.

Regarding the antecedents rainfall, it can be iden-
tified that the 5 day accumulated rainfall presents a 
smaller dispersion around the mean, given in terms 
of the coefficient of variation is 0.70. However for 
1 and 3 days these values are 0.8 and 1.0.

The precedent rainfall also exhibit a similar trend 
and the dispersion decreases when higher is the 
number of days considered. For 60 days the coef-
ficients of variation obtained are between 0.3 and 
0.6, but for 15 and 30 days the coefficient of varia-
tion of 0.5–0.7 and 0.3–0.5 are obtained. Although 
the rain accumulated for 60 days presents the 
minimum variations in absolute terms, for practi-
cal purposes the observed variations in the order 
of 0.1 with respect to rainfall of 15 and 30 days, 
resulting insignificant.

For rainstorms of longer duration, in this case 
events of 5 hours duration is observed that values 
of the intercept of the threshold varies between 
46.24 mm and 46.51 mm, and that the threshold 
has been exceeded between 86.0 and 94.2% of the 
days that were landslides.

This implies that when the moisture is high, for 
long-term cumulative rainfall 15, 30 or 60 days 
with values between 78.1 mm and 401.8 mm and 
for five days landslides can be caused by accu-
mulative rainfall of the order of 46 mm with an 
exceedance rate of at least 87%. The thresholds for 
precedent rainfall of 30 days, they have observed 
exceedance rates greater than in the cases of 15 and 
60 days. Considering that accumulated rainfall for 
15 and 30 days are simpler to obtain, thresholds 
based on rainstorms of 5 days duration and previ-
ous precipitation of 30 and 15 days are proposed:

PA5 = 46 − 0.42PP15 (7)
PA5 = 46 − 0.19PP30 (8)

comparing the thresholds obtained in this study 
with those proposed for the slopes in the study 
area, Equations 1 and 2, which were developed with 
3 days antecedent rainfall and rainfall precedent 
15 days, it can be observed that the threshold of 
equations 1 and 2 present values of the rainfall 
intercept of 60 mm and 75 mm, considerably higher 
than those obtained in this work for the same 
combination that are of the order of 30 mm. The 
intercept of the precedent precipitation is equal in 

Table 3. Precedent rainfall.

Station j i Mean PP
Standard 
deviation PP

CV of 
PP

San cristobal 1 15 78.1 51.6 0.7
30 164.9 90.2 0.5
60 268.2 157.1 0.6

3 15 109.6 54.4 0.5
30 214.5 75.9 0.4
60 401.8 122.5 0.3

5 15 109.2 54.5 0.5
30 239.2 79.6 0.3
60 393 121.5 0.3

Table 4. Parameters of failure thresholds.

Station j i a b N PE

San cristobal 1 15 14.02 0.179 98 80.9
30 14.02 0.085 102 84.3
60 14.02 0.052 100 82.4

3 15 32.36 0.295 105 86.8
30 32.36 0.151 110 90.9
60 32.36 0.081 110 90.9

5 15 46.51 0.425 106 87.6
30 46.51 0.194 114 94.2
60 46.51 0.118 112 92.6
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both cases the order of 110 mm. This relationship, 
shown in Figure 4, indicates a lower susceptibility 
of the slopes evaluated in this study.

This significant difference is due to anthropo-
genic impact by roadway construction since the 
landslides considered in this study are all located 
along the roadway slopes excavation. The anthropic 
effect tends to increase the likelihood of failure 
since it translate the threshold of failure to smaller 
values of rainfall background with a differences in 
the order of 30 mm, therefore, natural slopes which 
have low susceptibility to landslides, when affected 
by man activities can spend an unstable situation 
critical.

This also explains why most landslides in 
Aburrá Valley, Colombia, occur in highly inter-
vened areas, but areas with similar topographi-
cal, geological and climatic features, but with less 
human intervention, have less landslides. It may 
then be proposed a threshold that allows consider-
ing the anthropic effect on areas with high anthro-
pogenic interventions for this region of Antioquia, 
which is given as:

PA3 = 30 − 0.1PP15 (9)

4 CONCLUSION

The threshold for manmade slopes in residual soils 
when compared with thresholds of natural slopes, 
shows that these are more likely than this slopes 
fail.

The slopes in the residual soils of Altavista stock 
are likely to present landslides with combinations 
of rainfall that have high probability of occurrence. 
Therefore, these slopes should be designed for crit-
ical conditions of saturation or ensure excellent 
drainage conditions.

Still, further research is required to understand 
the relationships between rainfall and landslides in 
slopes, because still there are cases where landslides 

has occurred with rainfall below the threshold and 
many instances in which when the threshold was 
exceeded there are not recorded landslides.
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ABSTRACT: Soil modeling process requires a large amount of high quality experimental data. 
However, products of these processes fail to be satisfactory in most cases. This is due primarily to non-
linear behavior that correlates different variables to be considered. This article presents a methodology 
to train surrogate models based on Support Vector Machines (SVM) using limited experimental data. 
Polynomial, Gaussian, and exponential radial basis function kernels were used for modeling. It has been 
proved that assembling the best models in a new one can surpass some of these individually. Several 
indicators were used to measure the model performance. An absolute relative error of 16% was reported 
during the use of the best ones. SVM offers a simple and reliable way in modeling the behavior of soils 
and can greatly enhance the capacity in soil mechanics laboratories in Latin America.

SVM power dwells upon several fronts, such 
as: (1) robustness and sparseness of  solution; the 
goodness of  the adjustment is measured not by the 
usual quadratic loss function (mean square error) 
but by a different loss function (ε-insensitive) 
similar to those used in robust statistics (e.g., 
a way of  dealing with deviations from ideal-
ized assumptions) and a (2) flexible and math-
ematically sound approach; non-linear regression 
models (e.g., polynomials, Gaussian radial basis 
functions, splines, etc.) can be constructed as lin-
ear models by mapping the input data into a so-
called feature space, namely, a reproducing kernel 
Hilbert space (Wahba 2000). The linear models 
(a single framework) are formulated in terms of 
dot products in a feature space which can be effi-
ciently calculated using special functions (kernels) 
associated with non-linear regression models of 
interest, evaluated in the original space (kernel 
trick). This framework can also be used with 
quadratic loss functions, which makes it an ideal 
setting for ensembles of  surrogate-based analysis 
and optimization.

This article provides a general approach, with 
a reasonable computational cost toward the opti-
mal selection of SVM compacted soil modeling 
behavior. This technology can improve the analysis 
of results in soil mechanics laboratories.

2 DEFINING A PROBLEM

Given a training sample E = ((xh, yh): 1 ≤ h ≤ n) 
defined in D ⊂ Rq (empirical results), and l kernel-
based surrogate models Mi, 1 ≤ i ≤ l constructed 
from sample E, select a set of m surrogate models 
and build a weighted average model:

1 INTRODUCTION

The surrogate-based modeling approach is 
becoming popular and has demonstrated to be 
useful in the analysis and optimization of compu-
tationally expensive simulation-based modeling, 
for example, the aerospace (Li & Padula 2004, 
Queipo et al., 2005), automobile (Kurtaran et al., 
2002), and Oil industries (Queipo et al., 2002a, b). 
Surrogate-based modeling makes reference to the 
idea of constructing an alternative fast model (sur-
rogate) from numerical simulation data and using 
it for analysis and optimization purposes.

The rapid development of computer hardware 
and software has inspired to new approaches 
to data and analysis processing. These new 
approaches attempt to imitate the human brain 
and perception by building intelligent systems that 
can learn automatically from previous experiences. 
These approaches do not also depend on a priori 
assumptions such as the “well-behaved” statistical 
distribution of random processes required in most 
of statistical analysis (Jain & Dubes 1988, Haykin 
1999). A collection of these new approaches is 
referred to as artificial intelligence (AI) and has 
been applied to modeling different civil engi-
neering systems in the last decade (Dibike et al., 
2001, Lizarazo & Gomez 2007, Zeghal 2008, 
Kasthurirangan et al., 2011).

Kernel-based methods (Girosi 1998, Müller 
et al., 2001) provide the flexibility of generating 
models under alternative loss functions and, in par-
ticular, support vector machine (SVM) developed 
by Vapnik (1995) at AT&T Laboratories in the 
mid-1990s. For a discussion of SVM applications 
in engineering, see Clarke et al. (2005) and refer-
ences therein.
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w Mavg i
m

iM∑ βi ( )x ( )xi=1  
(1)

Given that the weighted average model sur-
passes as many individual surrogates as possible in 
the equation above, βi(x) represents the weight of 
model Mi(x) at location x, the performance meas-
ures are: mean square error (mse), standard devia-
tion (std), and maximum absolute error (mae), the 
following equations are used:

mse
n

h
n

= ∑ ( )My Mh hxM= xhx 2
1

 
(2)

std
n

h
n

=
( )y Mh hM

−
=∑ xhx

1

1  
(3)

mae y xh hxmax (y Mh M−yh )
 

(4)

3 SOLUTION METHODOLOGY

The following steps are included:

a. The model input and output values are normal-
ized to scale [−1, 1].

b. For each of the SVM models differing in kernel 
and loss function, a set of parameters are speci-
fied, namely, C (regularization parameter) and 
ε (size of insensitive zone); the kernels in SVM 
models are described, for example, as Gaussian 
with width h or polynomial with degree p. The 
parameters C and ε were identified using cross-
validation (k-fold strategy) that they minimize 
the mean absolute value of errors. Specifically, 
after dividing the data into n/k clusters, each 
fold is constructed using an element from each 
of the clusters so it is a representative sample of 
the model of interest.

c. Select the best m models among the set of non-
dominated models. The selection criteria are the 
mean square cross-validation errors, and non-
dominated models make reference to models 
that provide the lowest error prediction in at 
least one point in the training data.

d. Using the best of the m models specified in the 
previous step, partial data shall be used from the 
validation tests to predict the expected results 
in the “untested” spectra. Later, results shall be 
compared with real values.

4 OVERVIEW

One of the broadest subfield in AI is the Machine 
learning (ML) focusing on the development of 
data modeling techniques and algorithms that 
learn from data. SVM is one of the ML techniques 

derived from statistical learning theory by Vapnik 
and Chervonenkis (1964). The foundations of 
SVM were developed by Vapnik (1995) at AT&T 
Bell Laboratories and SVM is recognized as an 
attractive and promising tool to solve classification 
and regression related problems (Gunn, 1998).

Initial work on SVM as a classifier is focused 
on optical character recognition and object recog-
nition tasks (Smola & Scholkopf 2004). SVM has 
also provided excellent performances in regression 
and time-series prediction applications (Smola & 
Scholkopf 2004).

Comprehensive tutorials on SVM for regression 
are available in many sources (Gunn 1998, 
Cristianini & Shawe-Taylor 2000, Herbrich 2002; 
Scholkopf & Smola 2002, Smola & Scholkopf 
2004).

4.1 SVM- regression theory

Training data is given as {(x1,y1), …, (xn,yn)}⊂ X, 
where X denotes the space of the training data pat-
terns (e.g., X = Rd). The goal of SVM is finding 
a function f  minimizing the expected risk (Vapnik 
1982)

R L dPdd y[ ]f = [ ]x y f x∫ y x ( ,x )
 

(5)

where R[f] = risk functional; x = input vector; 
y = output vector; L[x, y, f(x)] denotes a loss func-
tion determining how we shall penalize the esti-
mation errors based on the empirical data X; and 
P(x,y) denotes distribution. Given that we do not 
know the distribution P(x,y), we can only use X for 
estimating a function f  that minimizes R[f].

Based on risk functional conditions, the SVM 
algorithm aims to find a function f(x) that has at 
least ε deviation from the current obtained targets 
yi for all the training data, and at the same time 
is as flat as possible (Smola & Scholkopf 2004). 
In other words, errors under the precision param-
eter ε are accepted and errors above than ε are not 
accepted. The case of linear functions f  for given 
training data can be represented by the following 
equation:

f x w x b)x ,= +w x  (6)

where w ∈ X and b ∈R; ‹w, x› denotes the dot prod-
uct in X; and the vector w = normal vector; The 
parameter b/|w| determines the offset of the system 
from the origin along the normal vector w. The 
optimal regression function is given by the mini-
mum of the following function Φ:

Φ( , )*, i ii
nξ ξ(w C
i
n ξ**ξξ 1

2
w

=∑2
1  

(7)

where C = pre-specified SVM tolerance parameter 
and ξi and ξi

* = slack variables determining the 
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degree from which data points shall be penalized if  
the error is larger than the precision parameter ε. 
A loss function can be introduced to function Φ 
to penalize estimation errors. This step is called 
“soft margin loss setting” (Scholkopf & Smola 
2002). Some loss functions commonly used include 
ε-insensitive, Laplacian, Gaussian, Huber’s robust 
loss, polynomial, and piecewise polynomial. 
Detailed description of these loss functions and 
the corresponding density models are provided in 
Smola and Scholkopf (2004).

The loss function is mostly referred to the 
ε-insensitive because it can produce sparseness in 
the support vectors. Figure 1 illustrates ε-insensitive 
loss function setting to given data in SVM also rep-
resented by the following equation:

L
f f x y

f x y otherwise
ε

ε
ε

=
− <y

− y
⎧
⎨
⎧⎧

⎩
⎨⎨

0 if f )
)x

 
(8)

The minimum of the functional Φ problem can 
be considered as a quadratic programming (QP) 
problem. Using the Lagrange theory of quadratic 
programming, the w and b of  regression func-
tion given by Equation 6 are obtained using the 
following:

ii
n ( )i i=∑ i1  

(9)

Thus,

f x x x bi i ii
n)x ( )i i ,*(= ⎡⎣⎡⎡ ⎤⎦⎤⎤ +
=∑ i ii1  

(10)

b
n

y x xi ix jj
n

i
n y= ( )j j( )= ∑∑1

11
,

 
(11)

Based on the Karush-Kuhn-Tucker conditions 
demanding that the product among the dual vari-
ables and constraints should vanish for optimality, 
the coefficients αi and αi

* of  the data points inside 
ε bound of the function f  are zero and the coeffi-
cient (αi – αi

*) of the data points lying on or outside 
the ε bound have no-zero value. The support vec-
tors are referred to data points with non-vanishing 
coefficients (see Fig. 1). According to Equation 9, 
it is evident that support vectors are only used in 
determining the decision function since the coef-
ficient (αi – αi

*) of other data points are all equal 
to zero.

In case of nonlinear regression, instead of trying 
to adjust a nonlinear model, the training patterns xi 
are pre-processed into a high-dimensional feature 
space RD by mapping φ: Rd → RD. Therefore, the 
dot product ‹xi, xj› in Rd for the linear case is equiv-
alent to ‹φ(xi), φ(xj)› in RD for the nonlinear case. 
The SVM training algorithm would only depend 
on the data through dot products in RD. If  the 

dot product in the feature space RD is expressed 
by following the equation called Kernel function, 
one would only need to use K in the SVM train-
ing algorithm without treating the feature space 
explicitly to obtain φ(xi)

K xi jx i i( ,xi ) ( ) ( )xixφ x φi(( ) ((
 

(12)

Typical Kernel functions described in Gunn 
(1998) include polynomial, Gaussian radial basis 
function, exponential radial basis function, multi-
layer perceptron, and so on. In this way, a nonlinear 
model in the original space can be transformed to 
the linear model in the new space. The regressions 
function for linear case as shown in Equation 10 
and 11, can be transformed to the one for nonlin-
ear case with Kernel function as follows:

f x K x bi i ii
n)x ( )i i ( ,xi )*(= ⎡⎣⎡⎡ ⎤⎦=∑ i ii1  

(13)

b
n

y K xi iK
j
n

i
n y= ( )j j( )= ∑∑1

11
( ,xix )

 
(14)

5 CASE STUDIES

5.1 General considerations

CBR (ASTM D1883), a semi-empirical test to esti-
mate soil strength, is widely used in Latin American 
countries and worldwide for both soil-material 
characterization and pavement design (Sanchez-
Leal, 2002). This is a low-cost and easy procedure 
test, but has several restrictions that make difficult 
interpreting the results under the unsaturated soil 
mechanics approach.

A framework of interpretation composed 
by contours graphs for CBR and concepts of 
Unsaturated Soil Mechanics was established 
by Sanchez-Leal (2002), later adopted by the 
Venezuelan specifications for design and quality 

Figure 1. ε-insensitive loss function setting for SVM in 
regression.
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control of compacted soil (Fondonorma 2009). 
This framework proposes the use of a factorial 
experiment design to study the strength resulting 
from the relationship between soil suction, indi-
rectly qualified by soil’s water content (or satura-
tion degree) and the energy of compaction, which 
affected the shape of the soil-water characteristic 
curve (SWCC), all this based on the ASTM D1883 
variant 7.2, “Bearing Ratio for a range of Water 
content”, this analysis framework is known as 
strength maps.

The strength maps framework was used to test 
SVM modeling for compacted soils. The solution 
methodology presented in section 3 is used to train 
a model that can predict the form of the strength 
maps for several types of soils. Empirical data 
was used to train the SVM-model. In table 1, the 
area presented the statistical description for input 
and output parameters. Soils used in the study 
were predominantly SM, GM and GC, accord-
ing to Unified Soil Classification System (ASTM 
D2787), these are sands and/or gravel with more 
than 12% of silts or clays.

Maximum and minimum CBR can be related to 
a continuous quantitative scale by means of char-
acteristics factors, Fp and Fnp (Sanchez-Leal 2000). 
Fp is defined as the linear combination of both 
plasticity and gradation, as in equation 15, and 
related to soil classification in table 2.

F
F

Gp LFF ( )wLw
+1  

(15)

where wL is Liquid limit, F is finer content, or pass-
ing sieve #200 (0.075 mm), G is Gravel content, 
or coarser than sieve #4 (4.75 mm), all in decimal. 
These same parameters were selected to train the 
SVM-model.

Soil has variations in its resistance in connection 
to the suction changes in the mass of soil (Vanapalli 

et al., 1996). Traditional ASTM D1883 test is 
executed with non-controlled suction condition; 
however, the degree of saturation was taken as an 
indirect measure for the suction value, considering 
the suction as inversely proportional to the satura-
tion degree of soil.

The data used in this study were performed in the 
soil mechanics laboratory of Universidad Nacional 
Experimental Francisco de Miranda (UNEFM) 
in Coro, state of Falcón, Venezuela. 60 points of 
the CBR test used in this study, 80% (48) of these 
points were taken for model construction, using 
cross validation, and the rest of these (12) were 
used for testing.

The data was analyzed with and without noise. 
The data with noise consider two noise levels 
(α1 = 0.05, α2 = 0.1) and a uniform noise distribu-
tion U, as specified by the following expression:

F UkFF 1 1
2

−U⎛
⎝
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠

⎛
⎝⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠

α
 

(16)

Noise is added to the experimental data to emu-
late the variations present in materials, sampling 
and test method.

Models under consideration with ε-insensitive 
loss functions and kernels for Polynomial, Gaussian 
radial basis functions, and Exponential radial basis 
functions are specified in Table 3.

The ε and C values under consideration are 
0.5 Ccm, 1.0 Ccm, and 1.5 Ccm, respectively; the h 
values are set equal to hcm

inf, hcm
med and hcm

sup, with Ccm 
and hcm reference values as proposed by Cherkassky 
and Ma (2004). The kernel-based regression prob-
lems are solved using the Matlab support vector 
machines (SVM) toolbox (Gunn 1998).

5.2 SVM models prediction accuracy

Parameters are shown in Table 4, mean square 
error, standard deviations and maximal absolute 
error of the best and worst models with kernel 
used. Considering these results, is deducted that 
the polynomial kernel is the best to predict CBR-
values in compacted soils.

The ensemble of the surrogate models was per-
formed as proposed by Goel et al. (2007), where 

Table 1. Definition and ranges of values for input and 
output parameters used in SVM model development.

Range

Parameter Min Max Mean Std. dev.

Gravel (%) 12.7 79.1 33.6 19.6
Sand (%) 2.4 48.3 33.6 15.8
Fines (%) 14.5 49.9 32.8 13.3
ωL (%) 22.0 38.2 31.1 6.8
Ip (%) 0.7 26.1 6.7 7.3
Moisture (%) 4.3 20.2 10.9 4.4
Saturation (%) 39.5 93.1 70.1 14.8
Specific gravity 2.4 3.0 2.6 0.2
Dry density (kN/m3) 14.71 21.94 18.72 1.39
CBR (%) 1.9 36.6 11.8 9.5

Table 2. Fp related to soil classification (Sanchez-Leal, 
2002).

Fp range Soil classification

0.0–0.2 Silty and clayey gravels
0.2–0.5 Silty and clayey sand with gravels
0.5–0.7 Silty and clayely sands
0.7–1.4 Sandy and silty lean clays
> 1.4 Fat clays
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weights are a function of relative magnitude of 
(global data-based) errors. The associated weight 
with ith surrogate is given as:

w

E

E
i

jE
j j i

N

SM jE
j

N

SMN

SMN= ≠j

=

∑

∑
1

1
( )NSMN 1

 

(17)

where Ej is the global data-based error measure for 
the jth surrogate model, and NSM is the number of 
surrogate models. Table 5 shows the weighted vec-
tors for the surrogate models studied, and the per-
formance result of the ensemble of models.

The SVM-ensemble model was used to predict 
the response expected from soil, and a strength 
map was built with this information. A soil with 
28.3% of Gravel, 48.3% of sand, 23.3% of Fines, 
wL of 22.2%, and Specific Gravity of 2.54. The Fp 
calculated was 0.2216 corresponding to a “Silty 
and clayey sand with gravels”. Dry density and 
Degree of saturation were evaluated using the 
same values obtained in laboratory (lab condition). 
Figure 2 shows the lab measures strength map. 
Figure 3 shows the strength map built with the pre-
dicted values of the SVM-ensemble model.

Results of the SVM-prediction are shown in 
Table 6, compared with the real laboratory results. 
Absolute relative error (ARE) was calculated using 
the following expression:

ARE
x x

x
R Px

R
= ×100%

 
(18)

where xR is the real laboratory value and xP is the 
predicted value. A mean ARE value of 16% was 
reported.

Table 3. Kernel functions associated with a variety of 
modeling schemes.

Kernel Parametrization

Polynomial order d k(x,x’) = [(x,x’)' + c]d d ∈ N, c ≥ 0
RBF k(x,x’) = exp(−abs(x−x’)2/2h2) h ≥ 0
ERBF k(x,x’) = exp(−abs(x−x’)/2h2) h ≥ 0

Table 4. Performance of SVM models with different 
Kernels.

Kernel h Ci εi MSE STD MAE

Best Poly 3.0 63.52 5.72 27.67 5.47 9.69
RBF 0.2 63.52 5.72 42.89 6.33 15.09
ERBF 0.5 21.17 5.72 49.87 4.88 15.44

Worst Poly 3.0 63.52 17.15 83.01 7.05 16.54
RBF 0.5 42.35 11.43 103.18 6.94 16.31
ERBF 0.2 63.52 17.15 135.64 7.86 28.09

Table 5. Weighted and performance of ensemble SVM 
model.

Weighted Performance

Poly RBF ERBF MSE STD MAE
0.3851 0.3129 0.2930 25.79 5.52 11.98

Figure 2. Strength map with CBR laboratory 
measures.

Figure 3. Strength map with SVM-ensemble CBR 
prediction.

Table 6. ARE between real lab measure and SVM-
prediction.

DSW
(kN/m3)

Moisture
(%)

CBR (%)
Lab

CBR (%)
SVM ARE (%)

18.2 4.2 15.9 18.3 15%
19.3 6.1 16.3 17.6 8%
19.5 7.9 18.9 21.7 15%
19.1 9.9 15.1 16.3 8%
18.3 12.3 5.4 6.8 26%
16.8 3.9 6.3 8.0 27%
17.8 6.2 11.1 12.8 15%
18.1 8.3 14.8 16.7 13%
17.9 10.3 8.5 10.5 24%
17.7 12.1 4.6 5.0 9%

6 CONCLUSIONS

This study has proposed using a SVM model to pre-
dict the strength behavior of compacted soils. The 
study was limited to the analysis of CBR predic-
tion (ASTM D1883). A comprehensive parametric 
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analysis was conducted to determine optimal 
selection of the three controlling parameters (C, ε, 
and h) for the SVM-based predictive CBR models. 
A SVM ensemble model was developed using three 
different Kernels (e.g., poly, RBF, ERBF). The 
ensemble model shows a higher performance in 
comparison with the individual SVM-models.

SVM can provide a reliable method for the anal-
ysis of laboratory results, and is able to extend our 
range of information at low cost. SVM requires 
only three controlling parameters C, ε, and h with 
little dependency on the magnitude of training 
data required. These advantages of SVM can make 
a promising alternative considering the availability 
of limited and non-representative data frequently 
found in construction materials characterization.

The results of this study demonstrate the feasi-
bility of using SVM in compacted soils modeling, 
while this research was limited to CBR test, the 
author encourages the readers to use the same 
solution methodology proposed in this article to 
generate their own models of various features of 
interest in compacted soils.
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an informa business

New theories and testing techniques related with Unsaturated Soil Mechanics 
have proven to be valuable tools to study a broad spectrum of geo-materials 
which includes rocks, rock fills, frozen soils and domiciliary solid wastes. These 
new theories and testing techniques have permitted the analysis of several 
traditional problems from a new perspective (e.g., swelling or collapsible soils 
and compacted soils or pavements materials), and they have also shown their 
efficiency to study new energy-related problems like CO2 sequestration and 
nuclear waste disposal.

Advances in Unsaturated Soils is a collection of papers from the 1st Pan-
American Conference on Unsaturated Soils organized in Cartagena de Indias, 
Colombia, in February 2013. The volume includes 76 research papers coming 
for all over the world, as well as 7 keynotes papers by well known international 
researchers. The contributions present a variety of topics including:
• Advances in testing techniques
• Unsaturated soil behavior
• Constitutive modeling and microstructure
• Numerical modeling
• Geotechnical problems 

Advances in Unsaturated Soils is expected to become a useful reference to 
academics and professionals involved in Unsaturated Soil Mechanics.
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