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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 CO, 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 (Bogota). 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

First Pan-American Conference on

20-22 February 2013 | Cartagena de Indias - Colombia

X1
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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=R,+WE - (G+H +p) (1)

The terms are usually expressed in energy units
of kJ/m? and LE is the latent heat consumed in
evaporation or evapotranspiration, R, 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 R)).



LE (in kJ/m?) is used to calculate the quantity of
daily evapotranspiration by dividing the daily total
LE by the latent heat for vaporization of water, A
in kJ/kg. That is, evapotranspiration E = LE/A in
kg/m?. (1 kg/m? 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 R , but omits
the outgoing long wave-length Earth heat radiation
R.. This could be subtracted as a proportion (about
25%) of R, 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

(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 (la) can
be replaced by

LE=(R,-R)+WE-(G+H+p)+S

LE=(R,-R)+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

E = (AR /A +YE)/(A+7) 2

in which E is the potential evaporation, A s the slope
of the temperature versus saturated water vapour
pressure curve at the prevailing air temperature, R
is the net incoming solar radiation, A is the latent
heat for vaporization of water, yis the psychrometric
constant (66 Pa/°C), E,=0.165 (e, —e¢,) (0.8 +u,/100)
mm/day, e, is the saturated vapour pressure of air
(mbar), e, is the actual vapour pressure of air (mbar)
and u, is the wind speed at a height of 2 m (km/day).
Note that E, (a linear function of u,) increases E,,
and that no energy storage term appears. As A and
v both have units of Pa/°C, if R has units of J/m?
per day and A has units of J/kg, the units of E, are
kg/m?, 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:

E,= 1.26A/A (R, —SY/A +7) (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 E
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 (E,) to
actual evaporation from soil or water surfaces. Pen-
man (1956) suggested ratios of E /E, 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 E /E, varying in the range
0.5-0.9. A recent study of the ratio E,/E, 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. E; 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.
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evapotranspiration. (Benli, et al., 2010).



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/m?) 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 8/6tR (V) recorded through the first of each
of two test days in W/m? The ogive-like curves
represent the time-integrated values of R (V), in
kJ/m?. 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/m?)
and water heat WH (8380 kJ/m?) calculated from
the maximum soil and water temperatures exceeded
the net cumulative vertical component of solar
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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.



energy for the day (of 5270 kJ/m? for the sand and
4255 kJ/m? for the water). Obviously, more energy
was being absorbed by the soil and water than was
represented by R, (V). When the experiment was
made with the pan filled with sand, the maximum
(R,.), the vertical (R) and net vertical R (V)
components of the solar power were measured
separately, with the result shown in Figure 3. This
shows that the gross incoming solar energy R,
may be 3 times the net value of R (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 R (V) from 09.00 until
nearly 16.00. If G is interpreted as a loss and as sub-
tractive from R (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
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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 E;, was calcu-
lated by means of the solar energy balance (eqn. 1).
It will be noted from Figure 4 that E; 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 AS,. 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 E;. 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 (E;) is also the largest component of the water
balance and far exceeded rainfall P. The experimen-
tal caps were constructed over gecomembrane-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).
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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 E,
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 E,
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+E;=P

The inset graph of (S + E;) 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 + E;) should
equal P. The experimental points for the assess-
ments of (S + E;) 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 R, 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=R,+WE=G +WE (Ic)

As the soil dries out and the energy conversion
becomes less efficient, eqn. (1c) would change to
LE<G+WE=nG+WE (1d)
where 1 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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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=WHorLE=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.
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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
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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).

. 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.

. 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).
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. 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.

. 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
R, by G multiplied by a conversion efficiency
n (eqn. 1d) is a route that warrants further
examination.

. 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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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.

1 INTRODUCTION relationship between the amount of water in a soil

and soil suction. Within unsaturated soil mechan-
The soil-water characteristic curve, SWCC, has ics, the drying (or desorption) SWCC branch has
become an important relationship to determine  received the most attention. Disturbance of the
when applying unsaturated soil mechanics in  soil samples has historically been of limited con-
engineering practice. The technologies related cern, or at least neglected, in both agriculture
to the SWCC were originally developed in soil  and geotechnical engineering, with disturbed and
physics and agriculture-related disciplines. These  remolded soil samples often being used for labora-
technologies have slowly been embraced, withsome  tory testing.

modifications, in the application of unsaturated Some of the concepts and measurement pro-
soil mechanics (Fredlund, 2002; Fredlund and  cedures for determining the relationship between
Rahardjo, 1993). the amount of water in a soil and soil suction (i.e.,

Soil physics has primarily promoted the use of ~ SWCC) are now receiving increased research inter-
the SWCC within agriculture for the estimation  est as unsaturated soil mechanics is increasingly
of the water storage characteristics of soils near  being used in geotechnical engineering applica-
the ground surface. Unsaturated soil mechanics  tions. It was prudent and appropriate that con-
has primarily utilized the SWCC for the estima-  sideration be given in geotechnical engineering
tion of unsaturated soil property functions which  to the wealth of knowledge that has accumulated
are subsequently used in numerical modelling  within soil physics and agriculture. Along with the
solutions of geotechnical engineering problems  wealth of accumulated knowledge and experience,
(Fredlund, 2010). It has long been recognized that  however, there are serious differences between the
there are independent drying and wetting branches ~ goals to be achieved in agriculture-related disci-
for the SWCC, as well as an infinite number of  plines and the goals of geotechnical engineering.
scanning curves between the drying and wetting  Unfortunately, many of these limitations have
branches. However, the SWCC has often been  often been overlooked in the eagerness to make use
treated in both agriculture and geotechnical engi-  of the SWCC. Unfortunately, the laboratory test
neering as though it were a single approximate  procedures from soil physics and the application
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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.
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Accommodating Volume Change
when Determining Unsaturated
Soil Property Functions

I Modify Laboratory Equipment |

Triaxial | K, Apparatus Shrinkage
Apparatus Test

Figurel. Approaches thatcan be taken to accommodate
volume changes associated with soil suction changes.

| Perform an Additional Test |

SWCC Test
Gravimetric
water content

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
K, 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



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
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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.



5 DESCRIPTION OF SWCC TEST
PROCEDURES COMMONLY USED
IN GEOTECHNICAL ENGINEERING

The purpose for which the SWCClaboratory 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
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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(y) = gravimetric water content at any
specified suction, y; w, = saturated gravimetric
water content; /s, = residual soil suction; a,, n,, and
m, = 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.

In| exp(l)+ (
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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.
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sible geotechnical engineering situations.

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:

1
WEsh (HJ
e(w)=ash{ e +l] )
where: a,, = the minimum void ratio (e,,,), b, = slope

of the line of tangency, (e.g.,=e/w when drying from
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Figure 4. Digital micrometer used for the measurement
of the diameter and thickness of shrinkage specimens.

saturated conditions), c,, = curvature of the shrink-
age curve, and w = gravimetric water content. The
ratio, ﬁ == is a constant for a specific soil; G, 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, a,. The b, 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 ¢, parameter.

& 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

The measurement of water contentin 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.

Gravimetric water content

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



specimen, (1 + ¢), 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.

_ w6,
1+ e(w)

Aw) A3)

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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‘sh
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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).

_ w6,

S(w) o)

©)

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.

w(y)G,

MH

S(y)= (6)

Ay

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.

_ )G,
I+e,

Aw) ®)

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



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, G,, 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
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Figure 6. Gravimetric water content SWCC’s measured
on the Oil Sands tailings (SFR =0.1).

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

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 =
wG,) 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.

23

20

T T

A Initial w = 78%

18

1.6 +

O Initial w = 47%

14

12 1

1.0

0.8

Void Ratio

0.6

15120

0.4 -

0.2

|
|
ibh;* 1%
|

0.0 -

100
Suction,(kPa)

1000 10000 100000 1000000

Figure 9. Void ratio versus suction plot for the Oil
Sands tailings (SFR =0.1).

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, Ae, divided by (1 + ¢,) where
e, 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
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Figure 10. Ratio of the break in the gravimetric water
content plot to the true Air-Entry Value for the Oil Sands
tailings.

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 a,, = 0.48,
b, =0.17, and c,, = 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

24

3.0

1007
7
! /l e /

25 7

20 7 7 7 =
' /
° ¥ /) L o / ® Shrinkage fost
s ] & , 7 / data
15 3 7 p 0 o best
o / i
s ' y S e I
! ’ ’ . oY
I
10 > a,,=0480 |—
[ P
[ 4 by, = 0.170
R g
P, 4 =330
05 - ion Lin —
Ly r o4 G,=283
s

0.0
60

Gravimetric water content (%)

80 100

Shrinkage curve for several samples of

mv\ PP 196 kPa best-fit
50
w N\

| N

Bestfit parameters for gravimetric \

Figure 11.
Regina clay.

‘water content SWCC
Wi =535%
2=140kPa

n=0.870 N

Gravimetric water content (%)

me=0.72
h,=2000 kPa

1000 10000 100000 1000000

Soil suction (kPa)

Figure 12. Gravimetric water content versus soil suc-
tion for Regina clay preconsolidated to 196 kPa.

parameters; that is, a, = 140 kPa, n, = 0.87, and
m, = 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
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Regina clay preconsolidated to 196 kPa.

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 AEYV, 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 a, = 18.0 kPa,

25

~
S

—PP 196 kPa best-fit

‘H a

@
3

me \ X Apparent break pressure
1Tl
50
_ i N
£
C 4o || Best-fit parameters from
§ gravimetric water content SWCC N\
H N
830 1 W= 535% N
£ a; = 140kPa
220 — n,-0870 \\
m=0.72 N
10 9 1, ~ 2000 kPa
N
° T TTIT T TTTIm 1T I,
1 10 100 1000 10000 100000 1000000
Soil suction (kPa)
Figure 14. Instantaneous volumetric water content,

VWC, versus soil suction for Regina clay preconsolidated
to 196 kPa.

1
) ML LTI 11
N
09 [ —PP 196 kPa best-fit HH
+ Apparent break pressure
08 \
0.7
0.6 N
% Best-fit parameters from \
S 05 N
~ gravimetric water content SWCC
3 04 |
w,=53.5% N
0.3 1 a,=140kPa N
0.2 H n;=0870
N
01 J m=072
h_= 2000 kPa AU
0 a r ™
1 10 100 1000 10000 100000 1000000
Soil suction (kPa)
Figure 15.  w/w, versus soil suction for Regina clay pre-

consolidated to 196 kPa.

N ‘ —PP 136 kPa bestfit

1 || Bestitparameters for gravimetric
water content SWCC

Wew = 535%

&=140kPa

n,=0870

m=072

h, =2000 kPa

O Apparent break pressure

Void ratio, &

100 1000 10000 100000 1000000

Soil suction (kPa)

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

n,=0.88, m,=0.76 and h, = 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 a,= 25.0kPa, n= 1.10, m= 0.65and
h, = 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 a, = 40.0 kPa, n, = 1.30, m, = 0.58
and A, = 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 a,= 90.0 kPa, n,= 1.10,
m,=0.70 and %, = 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 a, = 120.0 kPa, n, = 0.84,
m,=0.70 and /&, =2000 kPa.
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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.



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,
Ae, 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 (K)
device (Padilla et al., 2005; Pham et al., 2004). Soil
suction is controlled using the axis-translational
method, on a pressure plate cell. A K, SWCC
device manufactured by GCTS, Tempe, AZ, is
shown in Figures 23 and 24.

Some of the features of the GCTS K, cell
include the simulation of field net normal
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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,
(u, — u,), 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
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Figure 25. Diffused air through 15 bar high air entry
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Figure 26. Example of Void Ratio Constitutive Surface
for an Expansive Soils Obtained using the GCTS SWCC
Device (Singhal, 2010).

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



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

(u,—u,) (0,~u,)

(kPa) (kPa) W(%) S,(%) e
1200 1 242 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 150 252 83.5 0.848
500 150 27.1 83.8 0.910
100 150 30.5 89.2 0.963
0 150 329 92.7 0.997

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 K,
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
(K, 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
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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 K, 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 K, 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.



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.

. 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.

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

. 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.

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

. 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.

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

1 INTRODUCTION 2 DESCRIPTION OF THE TEST

All tunnels are subjected to ventilation to a greater ~ The Ventilation Test (VE) has been performed in
and lesser extent, both during construction and  a 10 m section of a 1.3 m diameter unlined micro-
during operation. Argillaceous hard soils and soft ~ tunnel excavated in the Mont Terri underground
rocks are potentially sensitive to ventilation effects;  laboratory (Figure 1).
ventilation may cause some degree of damage The Mont Terri laboratory (Thury & Bossart
leading to cracking and permeability increases and ~ 1999) has been excavated in Opalinus clay, a stiff
may also trigger chemical processes such as pyrite  overconsolidated clay of Lower Aalenian age
oxidation and gypsum precipitation that, in turn,  (Middle Jurassic) found in the Jura mountains of
can also have hydromechanical effects. Northern Switzerland. There are three slightly dif-
Those potential effects are quite important in the  ferent facies containing different mineral propor-
context of using argillaceous materials as host rocks  tions: a shaly facies in the lower part of the deposit,
for geological disposal of radioactive waste. In partic-  a 15 m thick sandy-silty facies in the centre and
ular, damage and hydromechanical variations in the  a sandy facies interstratified with shaly facies in
zone adjacent to the tunnel is directly relevant to the ~ the upper part. The content of clay minerals may
safety of the repository as it may provide a preferen-  range from 40% to 80%, depending on the facies.
tial pathway for the migration of radionuclides. Itis ~ The clay was sedimented in marine conditions, it
therefore necessary to examine those potential effects  is very strongly bedded and its total thickness is
in detail, preferably under realistic conditions. about 160 m. In the location of the Mont Terri
In this paper, the observations gathered duringa  laboratory, overburden varies between 250 and
field-scale ventilation test carried out in the Mont ~ 320 m. The laboratory is situated in an asymmetri-
Terri underground laboratory are examined and  cal anticline formed during the folding of the Jura
interpreted assisted by the performance of cou-  Mountains. As a result, the rock strata dip with an
pled hydromechanical numerical analyses. Because = angle of 25°-45° to the southeast. Information on
of the nature of a ventilation test (that may lead  the properties of Opalinus clay has been reported
to desaturation of the host material), the numeri-  in Bock (2001), Wileveau (2005), Gens (2012).

cal computations must be based on a formulation The microtunnel was excavated in 1999 in the shaly
firmly grounded in the concepts and approaches  facies, parallel to the New Gallery, using the raise-
of unsaturated soil mechanics. boring technique. This direction is perpendicular
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Figure 1. Location of the microtunnel where the VE
experiment was performed. Mont Terri underground
laboratory.

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

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 c¢m 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.
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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.

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:

J W i W W W
5(6’/ Sip+0; S, N+V -(ij +i,)=f (M

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.
0" and 6 are the volumetric masses of water in
the liquid and the gas phase, respectively. 8 = @' -
P, where @'y =m, /m, is the mass fraction of water in
the liquid. The same nomenclature is used for the
gas phase. S, and S, are the degrees of saturation
of liquid and gas phases, respectively. j,* and j," 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[kg/m?/s] is:
ir=6"q )
where ¢, [m/s] is the Darcy velocity that is propor-
tional, to the water potential gradient:

Kk,
q = —7'[(Vf’z -/8) A3)

1

where k is the intrinsic permeability [m?], 4, is the
dynamic viscosity [Pa.s], k,, is a coefficient depend-
ing on the degree of saturation (or suction), P, is
the liquid pressure, p, is the liquid density [kg/m?]
and g is the gravity acceleration [m/s?].

A critical relationship is the dependence of
the permeability on the degree of saturation. It is
introduced through the expression:
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ki =SiU-(-5"")%) @)
known as Van Genuchten law, where A is a shape
parameter.

The transport of water in the gas phase can be

decomposed in:
]g = (i;)advettian + (i;’)di[}‘hsion + (ig)dixpe)'.vion (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:
(i;.)d[fﬂl,vi()lt = _(¢pgSgD;;I)V w;’ (6)
where D) [m%/s] is the vapour diffusion coefficient
and Va};’ 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 (p, — p) and
the liquid degree of saturation is modelled by the
Van Genuchten retention curve:

1
- -4
= 1+(—pg b ]
P

where A" is a shape parameter, S, is the residual
saturation, S, 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):
] ®)

M, is the molecular mass of water, R the univer-
sal gas constant and y 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 8, through:
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where p, is the vapour pressure and subscript ()°
stands for the saturated state.



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. [t 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:

)

where ;7 [kg/s/m’] is the flux of water in the gas
phase, the subscript (), stands for the prescribed
values, p, [kg/m’] is the gas density, @ is the mass
fraction of water and gas and S, [m/s] is a coeffi-
cient that controls the velocity at which the bound-
ary values tend towards the prescribed values. For
low S, 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 f3,
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
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Figure 6. Model domain used in analysis showing initial
conditions.

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
i) 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 A 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 A, permeability
decreases with degree of saturation, the reduction
being faster the lower the A value is. As indicated
by Figure 7, a value close to A =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.



Table 1. Main Opalinus clay parameters.

Parameter Value

Porosity 0.162

Intrinsic permeability (parallel and 7102 m?
perpendicular) 1.4-1020 m2

Liquid relative permeability, A 0.52

Vapour diffusion coefficient 2.7-10° m?¥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*® 7.2-102 N/m

Shape parameter* 0.29

* Retention curve parameters.

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,
Muiioz 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 3, 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.
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Figure 7. Water extracted in the laboratory drying test
(three specimens).
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Figure 8. Retention curve used in the analyses.

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

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
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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.
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(dashed lines: vertical direction, dotted lines: horizontal
direction).

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



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.

water content [%]
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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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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.
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nel wall and an anchor point 2 m inside the rock mass.
Observed and computed results.

It is important to realize that, although the
unsaturated zoneis smallin 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.

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
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water content w, . On the same diagram, lines of
equal degree of saturation can also be drawn as
they depend only on soil particle density p.. 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
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Figure 1. Compaction curves obtained in Standard

proctor and Modified Proctor compaction tests per-
formed on the same soil (fictitious data).



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/m’.
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 S, 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 w,, and the liquid limit
of clayey soils, w, ; for the Standard Proctor opti-
mum, the relationship is the following:
W, =1.99+0.46 w, —0.0012w,? (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 um) and inter-aggregate pores or macro-
pores (about 4 um). On the wet side, the soil fabric
appears more homogeneous with a single family of
pores: micropores (about 0.5 um 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
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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)
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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. (19995), (Fig. 9),
Marinho & Stuermer (1999) and others show that
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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
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one-dimensional static compaction. In both
studies, Speswhite kaolin was used with w, equal
to 32% and 30%, and w, 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 S.
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 S, 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 o, (o0,= 0, +sS,)” (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 o7 ”.
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It is worth noting that the order of the compres-
sion curves is the same when the total vertical stress
o,(or 6, —u,) is used in place of ;. 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
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stress of 1500 kPa for one sample (Fig. 12a) and cor}sequently the.limit state of the soil. The stress
under 20 kPa for the other sample (Fig. 12b) ratio 0;/0,, that is about 0.33 when unsaturated
correspond to a collapse for the first one and ynder 0,= 1500 kPa increases to about 0.43 dur-
to a swelling for the second corresponding to a Ing wetting.

change in void ratio of about 0.20. Sridharan et al. (1971) provide an interesting

— Figures 12¢ and d show the corresponding insight into the evolution of soil fabric during the
stress paths for the tests performed at w =10%.  compaction process for a kaolinite with w = 36%
Each cycle extends the vertical yield stress and  and w; = 62%, thus close to the corresponding

46



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 S, , thus on the dry
side. With an increase of the compaction effort, the
degree of saturation increases to values that may
exceed S, (S, =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
(Thometal.,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 (I, = 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 um and intra-aggregate pores with an
average entrance pore diameter of about 0.11 um
(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
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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).

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

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 S, < S ) and those compacted on
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Figure 15.

Synthesis of the behaviour of compacted soils, from just after compaction to saturated conditions.




the wet side (to S, > S, ). The line of optimums 3.2 During wetting or submergence (Fig. 15b)
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.

Le Bihan & Leroueil (2001) compacted non plas-
tic LG2 till specimens (7% clay; S, = 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, S_,, 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, S _,, the
degree of saturation has increased to a value that is
The as-compacted material is subjected to rela-  close to that at the optimum, i.e. about 80%. This
tively high suctions on the dry side of optimum  means that about 20% of the pore volume of the
whereas on the wet side, suction is lower and con-  LG2 tillis filled with trapped air after submergence.
sequently, the soil more deformable. As a result, the  For initial degrees of saturation equal to or larger
soil compacted on the dry side has an aggregated  than that at the optimum, the degree of saturation
fabric with intra-aggregate pores (or micropores)  remains essentially unchanged after submergence,
and larger inter-aggregate pores whereas the soil  meaning that in these cases too, about 20% of the
compacted on the wet side is much more homoge-  pore volume is filled with trapped air. Wetting
neous with micropores only. The air phase is con-  results of Porterville clay (Fig. 17) also show that
tinuous on the dry side whereas air is occluded on  the final conditions (dark triangles) are not at a
the wet side. An important consequence is that the  degree of saturation of 100% but rather at a degree
mechanical behaviour is controlled by unsaturated  of saturation close to that at the optimum.

soil mechanics (i.e. (¢ —u,), (u, — u,) and possibly The trapped air is in the form of bubbles at
S,) on the dry side whereas on the wet side, menisci ~ pressures larger than atmospheric pressure. Con-
have no or little influence on the mechanical sequently, and according to Fick’s law, the air will
behaviour that should then be controlled by effec-  move by diffusion from the bubbles towards the
tive stresses (o — u,) and a compressible pore fluid  atmosphere, progressively increasing the degree of
(see Section 5.1). saturation of the soil. This has been demonstrated

3.1 After compaction (Fig. 15a)
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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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Figure 17. Expansion of Porterville clay under an
applied load of 7 kPa for various placement conditions
(after Holtz & Gibbs, 1956).

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, c,, 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. 15¢)

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 (¢ — u,)
and compressible pore fluid.
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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

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 (u, —u,); 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, S, that is
smaller than 1.0. The word “apparently” is used as,
in fact, some air (1 —S__,) is in the form of bubbles
at a pressure u, 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

Water retention curves
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compacted to different conditions (after Watabe et al.,
2000).

on the dry side and micropores on the wet side.
Vanapalli et al. (1999) found similar results on
Indian Head till (I, = 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 k. is lower than the
saturated hydraulic conductivity k. The ratio
K, /K 1 defined as the relative conductivity k.

unsat’ “sat
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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:

k,, =k /K =S 2)
where S = (S, - S,)/(1 —S,) is the effective degree
of saturation. S_ is the residual degree of satura-
tion. o is a soil parameter. In general o 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).

wr — unsat

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 § 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
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Figure 21.
(a) and (b) silty clay (Mitchell et al.,
et al., 2000).

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
etal., 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~
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

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

After compaction

Compaction degree of saturation (%)
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Compaction water content (%)

Variation of the saturated hydraulic conductivity of three soils as a function of compaction conditions:
1965); (c) and (d) non plastic till (Watebe et al., 2000); (e) and (f) loess (Rinaldi

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:

u,).

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

T,=¢+(6—u)tgd +flu, — (3a)

Tf = Tf—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 S, plotted as a function of (w —

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

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

Undrained shear strength against (w — w /1, w
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o DEINg the water content at the Standard Proctor

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



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. S, vs (w —w, )/1 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: vy, =19 kN/m? and slightly denser than
optimum conditions (Soil B: y, = 20 kN/m?), 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, I, = 24; silt,
I, =11 and clayey sand, I, = 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
G,,.. value against a normalised water content, w/
Wi (Figure 25). There is some dispersion of the
data. However, there is a clear tendency for G, to
decrease when w increases, from a typical ratio of
1.4 at a normalised water content of 0.7,t0 0.4 at a
normalised water content of 1.3. This is mostly due
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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.
G, 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
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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.

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:

G 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 (6 — u,) and suction (u, — u,)
(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, S, ,, as
follows:

Gmux.sat + g(uu - uw)

max

e —e
— W wm
R —

€= Cyy

©)

where e is the void ratio, e is the water ratio (vol-
ume of water/volume of solids) and e, is the water
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ratio of the intra-aggregate pores or micropores.
Equation 5 can also be written in terms of the cor-
responding degrees of saturation:

(6)

Alonso et al. (2010 and 2012) then proposed a
so-called “constitutive stress”, &, controlling soil
behaviour as follows:
o=0- u, + Sr—M(”a - uw) (7)
with S_,, =0 when S, <S_ (condition 7-1).

Equations 5 to 7 imply that the effective stress
6’ =0 —u, applies only when S,_,, = 1.0, i.e. when
the soil is saturated and S, = 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 S, > S, or S_ .
So, the possibility of replacing 1 by S, in Equa-
tion 6 should be considered. To the above condi-
tion 7-1, should then be added the condition 7-2:
S.m=1whenS >§__ 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,
o—-u,, 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



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
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Figure 27. One dimensional behaviour of compacted

soils subjected to loading and to wetting (schematic
figure).
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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 G, before being soaked, their behav-
iour will typically be as follows:

— For (b), from b to b,, the soil is in its pre-yield
domain and the change in void ratio is small;
from b, to b, (at 6,;,), the soil is on its compres-
sion curve. When soaked, the specimen moves to
the 0 kPa compression curve, at point b,, and
shows a large change in void ratio.

For (a), the soil will be in its pre-yield domain
until a, and on its compression curve from a, to
a, (at 6,;,). When soaked, the specimen will move
to a,, 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 6, and then soaked. As indicated
in Figure 27b, at d,, the soil is in a loose condition
and above the 0 kPa compression curve; it will thus
collapse to d, under soaking. On the other hand, c,
is below the 0 kPa compression curve and will thus
swell under soaking.
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0.8 SK1 SK2 16A 16B 16C 16D
o X [ ] A o <
@ = = QOO0
206 T
=l Se. X ‘Q¢ N
‘a’ So X \\
'; \“!z(x :% A
RS \X:b(l b. _\\\
£0.4 g__ 31\\&0 X
:::-'8:‘-‘38-‘-;:5::: ===5==‘5===ﬁ=“‘:8
| I NI T R AN T (R S
10 10 10°
Vertical stress, 0, (kPa)
Figure 28.  Compression curves for K, 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
etal., 1992).
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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 o,
at e, 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 6 4,
at b, 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.
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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.

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 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
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Berkeley giant triaxial cell (Marachi et al., 1969).

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.
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2.1

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):

Time dependent strains

s=aHLogm(ir) )
t

where s is accumulated the settlement between
instants ¢ and ¢, H is the height of the fill and ois
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 o between 0.002 and 0.007,
exceptionally going up to 0.01.

Charles (1989) determined o~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 o~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 « 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):

e= 2 Ln( ti] v e )

where €is the vertical strain, A'is the time-dependent
compressibility index and & is the strain at the ref-
erence time 7. 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 orand A’ become related by:
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Figure 2. orvalues 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.

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 A’
depends both on stress and total suction. Moreo-
ver experimental evidence suggests that the normal
creep line (i.e. &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,
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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 °.

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

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 (&,,..)- The transient creep strain develops in
such a way that it links the state of ¢,,,, with the
normal creep line (Fig. 3.a).

By setting a constant conventional reference
time, #, and plotting the corresponding " (Fig. 3.a)
for each value of vertical stress, o, a classical stress-
strain curve is obtained (Fig. 3.b). Evidently, these
compression curves vary with the chosen ¢ value
(Oldecop & Alonso, 2007). However, it is impor-
tant to note that, in order to get consistent stress-
strain curves, the instant # must pertain to the
normal creep stage. Along any of the stress-strain
curves in Figure 3 the compressibility index, A,
can be computed. Along the initial curved part of
the compression curves of Lechago slate rockfill,
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Figure 4. Time-dependent compressibility index, A,
measured in one-dimensional compression tests of
Lechago slate rockfill, under various stress-total suction
conditions (Oldecop & Alonso, 2002).

the compressibility index increases almost linearly
with stress, which implies a linear stress-strain
relationship. Under higher strain levels, 1 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 ). 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 A/A. 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
A’ 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 A’ values also
included in Figure 5. Both tested materials show
similar trends. Also, in both cases the driest speci-
mens have a A/ ratio which departs from the bulk
of data, being significantly lower than the obtained
with the material at lower suction values.
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Figure 5. Time-dependent compressibility index, A,
plotted against compressibility index, A, measured in
one-dimensional compression tests of Lechago slate and
Garraf Limestone, with same grain size distribution.
(data from Oldecop & Alonso, 2007; Ortega, 2008).

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

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.

Itis 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
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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.

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.



Table 1. Material properties of rockfills tested in
oedometer devices referred in Figure 7.
Max.
Part Initial
Size Spec. moisture
Mat [mm] Cu Compact. cond. Data source
[11  50.00 2.5 100%RD Airdry Veiga Pinto
(1983)
[2] 4.75 14.0 70%RD Airdry Nobari and
1.5%wc Duncan
(1972)
[3] 4.75 14.0 93%RD Airdry Nobari and
1.5%wc Duncan
(1972)
[4] 475 14 95%RD Airdry Nobari and
1.5%wc Duncan
(1972)
[51 40.00 2.9 100%StPr 50%RH  Oldecop and
0.8%wc Alonso
(2001)
[6] 40.00 2.9 100%StPr 15%RH  Oldecop and
0.4%wc Alonso
(2001)
[71  40.00 1.1 100%StPr 10%RH  Ortega
0.1%wc (2008)
[8] 25.00 1.1 100%StPr 10%RH  Ortega
0.1%wc (2008)

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
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Figure 8. Development of collapse strain under grad-

ual wetting, in oedometer tests of slate rockfill, with RH
control.

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 er al., 1976). Charles &
Watts (1980) provided data on the nonlinearity of



the strength envelope of rockfill. De Mello (1977)
proposed a nonlinear strength envelope:
7= Aoy’ )
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 (Chavez, 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 1x10™*s™". 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 (Chavez, 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.
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Figure 9. Triaxial tests of rockfill with RH control.
Data of Lechago slate obtained by Chavez (2004) and
from Garraf Limestone obtained by Ortega (2008).
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strain rate applied, under different moisture conditions
(data from Ortega, 2008).



Probing tests were designed, in the experiments
reported by Chavez (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 p,.

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.
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Figure 11. Yield locus of compacted Lechago rockfill

(Chavez, 2004).
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Figure 12. Yield locus of compacted Pancrudo gravel

for two relative humidities (Chavez, 2004).
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3 PARTICLE BREAKAGE

It was evident from the early experimental obser-
vations by Sowers et al. (1965), Fumagalli (1969),
Marachi ez 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

a) ‘
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surfaces
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Diametral failure
{} Failure at contact
@ points
Plate displacement
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.



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,
0,, as the load causing the splitting of the particle
divided by the square of the average particle size, d.
It was found that o, decreases with increasing the
size of the particle (Fig. 15). The following expres-
sion was found to fit the experimental data:
oy o< d” ®)

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

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.
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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 o), cracks propagate at a high
speed when the stress intensity factor K reaches the
rock fracture toughness, K. The failure condition
is expressed:

K=o pma=K, (6)
where f 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:

oo a

(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:
oy d” (®)

This relationship is indicated by the dotted line
in Figure 15 (b is the slope in the log o, — 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

—+—Data from Lee (1992)
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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).



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.
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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.

Let us consider the relationship between the
“external” stress (o,,,) and the tensile stress in a
given particle (o,). For a given applied stress state,
this relationship is a consequence of the granu-
lar geometry. But under some simplifications
an approximate relationship (o, vs. 0,) 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:
Po od? )

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

(P)/ o df()‘fdl o d3/2 (10)

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

11 P
o, =N pP=P——=— 11
ext 2 d d d2 ( )
and therefore:
P=do,, (12)

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

(O )y oed™? (13)



\ 4

Figure 17. Simple arrangement of spheres. Planar view.

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:

(Cory)pocd™ (14)
where o 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 A is proportional to Ae/ Ao.
Therefore:

Ao d” (15)

If gravels of diameters d and d, are compared:

d

gj (16)

A= i‘“(

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 (e, = 0.947)
or a dense arrangement (e, = 0.502). If 1 is scaled,
following Eq. (16), taking d, as the minimum parti-
cle diameter tested, the size effect disappears, pro-
vided o= 0.5 for the loose gravel and o= 0.33 for
the dense aggregate. Interestingly, the o coefficient
and, therefore, the intensity of scale effects, depend
on aggregate density.
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Figure 18. (a) Compressibility coefficient of limestone
uniform gravels in terms of particle size (Ortega, 2008);
(b) Corrected compressibility to include scale effects.

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

b
i ,,,=AJ __?‘;,l] (17)
(d/do) L(d/do)
d —a(1-b)
f,_Aow( J (18)
dy

This relationship provides the strength of rock-
fill of particle size d if the strength envelope of a
rockfill for a particle size d, (z- AOoJ’) 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).
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Figure 19. Grain size distributions tested by Ramon
et al. (2008).

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 Dy, 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, A% and y, 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 D, /D, ... Tests were performed
under suction control and collapse strains were
also measured.

The compressibility parameter, A9 decreases
continuously as D, /D,. increases (Fig. 20.a).
However, the elastic compressibility was not much
affected by the same index. The delayed compress-
ibility, A, maintained in all cases a constant ratio
with A9, and this condition defines the scale for the
long term compressibility. The model parameter,
2, which describes the collapse intensity, decreased
with the D, /D . coefficient in the manner indi-

max’ min

cated in Figure 20.b.

0.06 -
0.05 A <_ M3

0.04 - S~ M1

0.03 A T

Aod (MPa-1)
U

0.02 A N
0.01 4

0.00 T T d
0 1
Dmax/Dmin

a)
0.008 - ~<
0.007 A
0.006 - T3 M1
. 0.005 Tl M5
Q. 0.004 Seo
< 0.003 - -
0.002 A
0.001 A
0 T T 1
1 10 100
Dmax/Dmin

b)

Figure 20. (a) Compressibility parameter A4, for oed-
ometer tests; (b) Parameter y Results plotted in terms
of D, /D, . (Ramon et al., 2008).

max min

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.
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Figure 21.  Sketch of elementary volume of rockfill and
rockfill particles containing a crack which eventually
propagates producing the breakage of the particle.

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, o in Eq. (6)
can be also viewed as the macroscopic stress if
the corresponding proportionality constant is
included in the factor, S.

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.
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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
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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 y* 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.
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Figure 23. a) Scheme showing the typical shape of

stress corrosion curves (Oldecop & Alonso, 2007).

would occupy one of the three regions indicated
beneath horizontal axis. The boundaries of these
regions are determined by the fracture toughness,
K¢, and by the stress corrosion limit, K°, 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 @) implies an
increase in the stress intensity factor. Hence cracks
in region II will tend to fravel 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:

o (£)

In which V7, 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

(19)
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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).

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 f by means of an analytical
expression:

= %(1—044964a+1.5582a2 -
(l1- o)

3.18180° +10.0962a* -
20.7782¢° +20.1342° —
7.5067a")

Y

(20)

with a=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 K, V; 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
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Figure25. a) Scheme of numerical disc model. b) Model
results.

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):

1
nl/2

[ oc — o<

o 21
ra €2y

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 f 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



tips to the particles edges, the rapid increase of
factor S 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 ef al., 1996).

Considering a rockfill oedometer specimen
subjected to a certain vertical stress value, o,
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 Ao is applied, a strain increment Ae
is obtained after a reference time . As pre-
viously explained, the value of ¢ is conven-
tionally selected. The strain increment can be
computed with:

oy+Ao
Ae=e-€ = _[ Aow,t")

9

do

o

(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:

o+Ao
o

Ae=e—€ =ALn

(23)

On the other hand, the same strain increment
Ag can be achieved by holding the stress value o
and waiting an additional time A7 = ¢ — 7. 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
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behavior. b) Survival times of cracks according to stress
corrosion model.

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

I/n r
(L) - ‘K _otAc (24)
t K" —AK o
Combining Egs. (21) and (24):
=2 R (25)
n t

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

a

me_ 1
(20 = 200)

—

_C_C

n

/2[
= (26)

!
n
Oldecop & Alonso (2007) also demonstrated

that the same relationship approximately holds for
the initial curved part of the compression curve.



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 A = dée/do (unlike the usual
A= odeldo).

The compressibility index was split in two
components:

A=2+2(y) @7
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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.

A is constant (a model parameter) and serves as a
low limit under very dry states in which no water
influence is expected. A is the suction-dependent
component given by:

1 w)=4y-a, Ln(m} F@)=0 08)

atm

A+ A¢ is the compressibility index measured for
saturated specimens. ¢, is given by:

+ i
@, = LKy (29)
oy =0,

The parameter y,,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 o,, as shown in Figure 28.
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Figure 28. Collapse strains measured in Lechago slate

rockfill specimens along a wetting path under constant
stress (Oldecop & Alonso, 2001).

The stress o, 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 x,, = y deldy.
A elastic strain component due to stress changes is
also considered through the index k= de/do.

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:

Flop=all +2X()-x-aiw-
0';(2’ -x)=0
where o,* 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, de?:

de’

(A -x)

.
doy =

(31)

Region where the behaviour does not depend on water content

100

0" =02 104 0-6 0-8 10 1-2 MPa

90 =

80 =

70

60 =

50 =

Vvater suction: MiFa

30— Model parameters

A =2:310 x 10-2 MPa-!
A9y =5-108 x 102 MPa-1
x =0-257 x 10-2 MPa""
Kk, =0042x 10-2 MPa-"
o, = 0-786 x 10-2 MPa-'
oy = ?-29 MPaI

20 —

|
0 02 o, 04 06 0-8 1-0 12 14
Vertical stress: MPa

Figure 29. Yield surface of the compression model,
plotted for different values of the hardening parameter
0,* (Oldecop & Alonso, 2001).

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.

Chavez & 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 Chavez
(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
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Figure 30. Oedometer tests of Lechago Slate rockfill
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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.

plotted against the confining stress of the triaxial
test. The value measured for o, = 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 Chavez 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,
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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) (Chavez & Alonso, 2003).

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:
w?e
7, —8
V4

o

in which 4 = dgvp/dgf; 7n is the stress ratio (¢/p),
W7 is the plastic work, and s the suction provides
a satisfactory simulation of measured dilatancy
records.

(32)
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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™:

14-58+6;8—>4+4,6>3+3; (33)
4-52+2;2>1+1

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

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

Partile breakage criteria

— 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
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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
etal.,2011).
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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 er al.,
2011).

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 > K, 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.

¢) 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) Fourtoughness values were compared in Figure40.
In all cases n = 51% and oy = 1 MPa. Toughness
controls the peak strength and has a more limited
effect on residual strength. Dilatancy changes also
with particle toughness. The lower K, 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.
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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
etal.,2011).
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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).
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Figure 40. Effect of macroparticle toughness on devi-
atoric behaviour. Comparison among four different
macro-thougness (le6, 1e5, le4, le2 Pa\/m). Sample of
1000 macroparticles using clumps of 14 microparticles .
Confining stress: 1.0 MPa. Initial porosity: 51% (Alonso
etal., 2011).
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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.
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Figure 42. Effect of full wetting of a sample initially
loaded ata constant Relative Humidity of 10%.

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
V, is a reference velocity and » is an exponent
that depends on relative humidity. A plot of
experimental results relating crack propagation
velocity against (K/K)) 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 Az, 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 « value reaches the
average particle dimension.



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
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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 10" — 10" 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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Figure 43. Operative suction in unsaturated soils.

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 8.102 and
2.1073 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
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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.

1 INTRODUCTION designed are not determined as a general rule. This
is perplexing since several studies have shown that
1.1  Design of pavements 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.

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 ~ Well designed and built pavements must resist vari-
predicting the development of rutting and rough-  ous types of distress due both to traffic and weather
ness with time. The assumed values are usually  and maintain an acceptably smooth and quiet rid-
based on laboratory or field nondestructive testing  ing quality for an extended period of time. The
measurements to which the designer has access. 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
When the pavement is constructed, the compac-  course can be evaluated at the time of construc-
tion of the base course is verified by various means  tion for its ability to resist the changes that will be
but the modulus or permanent deformation prop-  imposed on it by moisture, freezing and thawing
erties that were assumed when the pavement was  and traffic stresses. In addition, the distortions to

1.3 Performance of pavements

1.2 Construction of pavements
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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 7, = the first invariant of the stress tensor;
P, = the atmospheric pressure; 6 = the volumetric
water content; /1, = the initial matric suction in the
aggregate matrix; f/ = saturation factor, 1< f < }9;
7,., = the octahedral shear stress; ovand 8= Henkel
pore water pressure parameters; and k,, k, and
k, = 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, @ and f were firstly
calculated based on the dry density (y,) and water
content (). Then the Solver Function in the soft-
ware Excel was used to search for 4, ¢, fand 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
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(MBYV), pfc, and aggregate gradation, angularity,
shape and texture in terms of Weibull distribution
parameters.. Equations (2) through (4) present the
statistical models of &k, k, and k.

Ky = 0.1242+ 0.02370- pfe—0.2968- ag )
Ink, =5.2963—0.001246, —0.5846In
~0.000721.2,, 3)
ky =-36.84+4.8491n , +1.173In
+0.03024 pfe —0.000915.4, @)

Typical values of the Henkel pore water pressure
coefficients range between —0.003 to 0.380 for o
and between 0.787 and 6.661 for B (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).
e’(N)=IN* %)

By assuming the resilient strain is constant for
each loading application, Equation (6) can be
expressed as:

o))

Assuming ¢ and o = 1-S, Equation (7) can be

rewritten as:

x
£,

where ¢, = the resilient strain of the granular aggre-
gate; &P = the permanent strain of the granular
aggregate; N = the number of load cycles; i = the
parameter representing the constant of propor-
tionality between permanent and resilient strain;
and o = the parameter indicating the rate of
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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):

Vi
%)

£, = gg’ e ( (8)
where g, = permanent strain of granular material;
& = the maximum permanent strain; p = the scale
factor; and = the shape factor.

In the MEPDG manual, this equation was
modified to predict the permanent deforma-
tion of aggregate layers with thickness 4, using
Equation (9):

(ﬁ)e(x)"%h o

where &, = the vertical strain in the granular aggre-
gate layer; and s = the thickness of the aggregate
layer.

2.3 Models of the VESYS permanent
deformation properties

The pu and a properties of the base courses that
were modeled by regression analysis to determine
which of the indicator tests can reliably predict
these properties. The p-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 p-value denotes a base course that is more
prone to permanent deformation. The equation
that predicts it is in Equation (10):

U=-247.47+33.53 Log (7,) + 5.258 Log (®)
+0.1942 (pfc) — 0.007848 (4,) (10)
The o-value is an inverse measure of the rate
at which permanent deformation develops in
the base course. A larger value of the o-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):

or=—-25.14 + 3.594 Log(y,) — 0.000913 (1,)
+0.473 (G) — 0.1699 (¢A) + 0.1001(aS) (11)
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2.4 Models of the MEPDG permanent
deformation properties

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

g, =—13.796 + 0.1936 (pfc) — 0.0157 (4,)

+4.316 Log (w) +1.579 (0tA) (12)

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

p =33.07 - 3.348 Log (y,) + 0.0258 (pfc)
—0.7954 (0.G) (13)
The B-value was practically constant for all of
the base courses that were tested. A very good
value of the B-value is its mean as is given in Equa-
tion (14):

B=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.



The laboratory properties are the aggregate
gradation (G), shape (S), angularity (A), and tex-
ture (T) Wiebull shape and scale parameters, o
and A and the compaction curve. The properties
that can be measured both in the laboratory and
the field are the Methylene Blue Value (MBYV), the
percent fines content (pfc), the matric suction, h,,
the dry unit weight, vy,, and the water content, .
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
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Figure 1.
apparatus.

A picture of the Grace methylene blue test

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



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

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

Relationship between MBYV and pfc
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Figure 2. Characteristic curve of methylene blue value
versus percent fines content.

methylene blue value is smaller than 7 (mg/g). The
MBYV 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
MBYV 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
MBYV is above the critical MBV. If the MB value
is above the critical MBYV, then as the MB value
increases, the pfc values increase. Furthermore, test
results showed that if a sample is above the critical
MBYV 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).

pfc +b{(MBYV)

a
vy >

where a,b,n = coefficient parameters depend on soil
type; M BV = 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.
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Figure 3b. MBYV versus pfc for a poor quality base course.

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 pfcis 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 um (#200 sieve) and 2 um. The
second parameter is the percent of fines content
which is the amount of the sample that is smaller
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than 2 microns (2 um). 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).

—2um
=——"———x100 16
2= 2,200 (16)
where —2um = 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).

8, = Clh)x O (17)
{ln[exp(lh(h) :H
a
ln( 1+ :J
Chy=|1-—>—"~_ (18)

6
1+li

m( : ]

where a; = a soil parameter which is primarily a
function of the air entry value of the soil in kPa;
b, = 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; ¢, = a soil
parameter which is primarily a function of the
residual water content; h, = a soil parameter which
is primarily a function of the suction at which
residual water content occurs in kPa; 6, = Satu-
rated volumetric water content; and 6, = 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: a,, b, ¢, and h, 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.



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, a, 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, b, is formulated in
Equation (20). The value of b, decreases as the pfc
value increases. The mathematical formulation for
the residual water content of the soil of ¢, is given
in Equation (21).The mathematical formulation
for the suction value at which the residual water
content occurs, /1, is given in Equation (22).

a,(psi)= 0.6384¢"0%7 (19)
by=11748¢ " (20)
¢ =0.126¢" %17 (21)
h(psi)=—0.0018 pfc” + 0.5206 pfe+ 2.4305  (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
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Figure4. Test setup for measuring total and matric suc-
tion in compacted base course samples.
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Figure5. Typicalsoil water characteristic curve (SWCC)
for a compacted base course.

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 (&)
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 (&) 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).

g=Y ey (23)

i=1



Figure 6. Photograph of a percometer with surface probe.

where ¢, = volume concentration of the ith compo-
nent of a mixture; & = the dielectric constant of the
ith component; n = an exponent which may range
between % 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 &, value
for the mix. The dielectric value (g,) 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, & 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 €, can
be calculated by using both 6., and 6,,, 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:

S (R PR )

The saturated dielectric value is calculated in
Equation (295):

(\/;») :[<\/;S_])9solid +(\/Z1=—1)Hm +1] (25)

sat

where ¢, = dielectric value; €, = dielectric value of
solid; g, = dielectric value of water; 6, ,,= volumet-
ric solid. ¢ = dielectric value; & = dielectric value of
solid; ¢, = dielectric value of water; 6, ,,,= volumet-
ric solid. 8, = volumetric water content; 6, , = 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):

£ =C(h)x 2 — (26)
|:ln |:exp(1) + (ﬁ] H
a
ln( 1+ ZJ
C{h)=|1- : (27)

6
ln( 1+ 10]
h,
where: a, = a soil parameter which is primarily a
function of the air entry value of the soil in kPa;
b, = 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; ¢, = a soil
parameter which is primarily a function of the
residual water content; h, = a soil parameter which
is primarily a function of the suction at which the
residual water content occurs in kPa; €, = satu-
rated dielectric value; and ¢, = 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 a,,
b, ¢, and h, 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 MBYV less than 7.0 mg/g are as follows:

a, =3.976x(pfexMBV )" ™" (28)
b, =—4x10"(pfexMBV')?

+4x107 x(pfex MBV ) +0.0301 (29)
¢, ==107(pfexMBV )?

+3x107 x(pfex MBV)+0.0113 (30)
h, = 0.0023x( pfex MBY 0183 (31
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content of a base course using the methylene blue test
and the percometer.

The equations for the coefficients of the SDCC
curve for MBV-values greater than 7.0 mg/g are as
follows.

a, =3.9649x(MBV )" (32)
b, = 0.0683x(MBV) *'* (33)
¢; = 0.0095x(MBV ) 4! (34)
h, =2.9833x(MBV)?

—50.845x( MBV' )+ 254.75 (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,
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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):

2

where a, b and n are the three parameters which
change with aggregate source; y, = dry unit weight
of base course material (kN/m? or 1b/ft’); 7, = unit
weight of water (kKN/m? or 1b/ft?); 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

b (36)
w 1
+

7) (w 1 )n
_+_
S Gs

S Gs

a=1.4291(we)™ 8 (37)
b= —0.6456(wc)* + 0.0325(we)+ 0.4507 (38)
n=0.4955(wc) 0% (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
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Figure 9. Typical compaction curve as tested in the
laboratory and as modeled.

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.
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4 PERFORMANCE OF PAVEMENTS

The performance of pavementsis 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