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Preface: Special Issue on Laboratory and Field Testing
of Unsaturated Soils

A. Tarantino Æ E. Romero Æ Y. J. Cui

Originally published in the journal Geotechnical and Geological Engineering, Volume 26, No. 6, 613–614.

DOI: 10.1007/s10706-008-9194-3 � Springer Science+Business Media B.V. 2008

The scope of this special issue focuses on recent

advances in laboratory and field testing of unsaturated

soils. Leading researchers from fourteen countries to

represent global research in the area of experimental

unsaturated soil mechanics have been invited to

contribute to this issue. Twelve reports are presented

dealing with measurement and control of suction and

water content, mechanical, hydraulic, and geo-envi-

ronmental testing, microstructure investigation, and

applications of unsaturated soil monitoring to engi-

neering behaviour of geo-structures.

The main motivation behind this issue is the rapid

growth of experimental unsaturated soil mechanics

over the last couple of decades. Several innovative

laboratory and field techniques have been introduced

in mechanical, hydraulic, and geo-environmental

testing. However, this information is widely

dispersed in journals and conference proceedings

and researchers and engineers beginning to work in

the field of unsaturated soil mechanics may find it

difficult to identify suitable equipment and instru-

mentation for research or professional purposes. This

volume aims at providing scientists and practitioners

with a comprehensive overview of experimental

techniques in unsaturated soil mechanics.

The first group of papers focuses on measurement

and control of matric and total suction.

MARINHO, TAKE & TARANTINO report on the

high-capacity tensiometer and the axis translation

technique, which share the measurement of a pressure

differential across a high air entry porous ceramic.

The paper examines the underlying physical concepts

of capillarity, water surface tension and phase change

and discusses challenges to be faced in both exper-

imental techniques.

BULUT & LEONG present working principles,

calibration, procedures, and application areas of indi-

rect methods of suction measurement. These include

thermocouple, transistor, and chilled-mirror psy-

chrometer (primary methods), filter paper (secondary

methods), and thermal and electrical conductivity

sensors (tertiary methods). Capabilities, limitations,

and pitfalls of these methods are discussed.

VANAPALLI, NICOTERA & SHARMA focus on

negative water column and axis translation techniques

for matric suction control. They discuss in detail the

limitations of these techniques with respect to air

diffusion, water volume change and evaporation.
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BLATZ, CUI & OLDECOP examine the vapour

equilibrium and osmotic techniques for controlling

matric and total suction in oedometer, direct shear

and triaxial tests. They provide a summary of some

recent developments and knowledge regarding the

use of these techniques highlighting limitations and

drawbacks of these methods.

The second group of papers focuses on mechan-

ical, hydraulic, and geo-environmental testing where

techniques for suction measurement and control are

implemented for investigating unsaturated soil

behaviour.

HOYOS, LALOUI & VASSALLO report on recent

advances in laboratory testing of unsaturated soils

giving emphasis on volume change measurements in

triaxial systems and true triaxial devices, and meth-

ods for measuring small-strain stiffness using the

resonant column and bender elements.

MASROURI, BICALHO & KAWAI examine the

experimental methods for determining the water

hydraulic constitutive functions. They address two

problems that are important area of current research,

the hydraulic testing of quasi-saturated soils (soils

with entrapped air) and deformable soils (swelling/

shrinking soils).

DELAGE & ROMERO present recent develop-

ments in experimental techniques for investigating

retention and transfer properties of aqueous liquids,

non-aqueous liquids (hydrocarbons), and gases,

accounting for thermal and chemical interactions.

These techniques find important applications in soil

contamination and waste disposal.

In recent years, microstructure investigation has

become a common method to complement hydraulic

and mechanical testing. ROMERO & SIMMS focus

on the evaluation of the current state of use and the

development of mercury intrusion porosimetry and

environmental scanning electron microscopy. They

show the use of these techniques to explore funda-

mental properties of water retention characteristics,

water permeability, and micro and macrostructural

interactions.

Finally, the last group of paper deals with field

applications.

TARANTINO, RIDLEY & TOLL discuss advanta-

ges and limitations of instruments for direct

(tensiometer) and indirect (porous block sensors,

filter paper and psychrometer) measurement of

suction. Techniques for water content measurement

based on dielectric methods are also reviewed.

CUI & ZORNBERG present methods for measur-

ing evapotranspiration based on meteorological

information. Case histories involving direct and

indirect measurements of evapotranspiration are then

presented. These include approaches based on energy

balance and water balance.

NG, SPRINGMAN & ALONSO report a range of

recent field studies of the mechanisms of rainfall

infiltration into unsaturated weathered and expansive

soil slopes and unsaturated well-graded alpine

moraines slopes. In addition, they report some

physical simulations of unsaturated soil slopes sub-

jected to rainfall, groundwater table rising as well as

moisture changes in centrifuge model tests.

ALONSO, SPRINGMAN & NG document two

large scale ‘‘in situ’’ demonstration experiments. The

first test involves the hydration of a compacted

bentonite barrier whereas the second test involves the

progressive de-saturation of Opalinus clay induced by

maintained ventilation of an unlined tunnel. The

paper analyses the performance of different sensors

and a comparison of field behaviour with modelling

results.

We hope this volume will provide guidance to

researchers and engineers in their laboratory and field

experiments.
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Measurement of Matric Suction Using Tensiometric
and Axis Translation Techniques

F. A. M. Marinho Æ W. A. Take Æ A. Tarantino

Originally published in the journal Geotechnical and Geological Engineering, Volume 26, No. 6, 615–631.

DOI: 10.1007/s10706-008-9201-8 � Springer Science+Business Media B.V. 2008

Abstract Experimental equipment for the measure-

ment of matric suction in unsaturated soils using

hydraulic tensiometers and the axis translation tech-

nique share a common working principle; that is, the

measurement of a pressure differential across a high air

entry porous ceramic. In this paper, the current state of

the art in these two suction measurement techniques is

presented and discussed together with the underlying

physics thereby giving the reader the necessary basis to

use and interpret the results obtained from those two

techniques.

Keywords Tensiometer � Cavitation � Suction �
Axis translation technique � Unsaturated soil �
Water retention curve

1 Introduction

Measurement of negative pore-water pressure is of

primary importance in the analysis and prediction of

unsaturated soil behaviour. Conventional tensiometers

(Stannard 1992) can measure negative water pressures

only in the range from 0 to 80 kPa and their

application is therefore quite limited. In the early

1990’s, Ridley and Burland (1993, 1995) first devel-

oped high-capacity tensiometers capable of measuring

negative water pressures down to -1,500 kPa. Since

then, a number of instruments have been developed

and successfully used in laboratory and field experi-

ments (Ridley et al. 1997; Take and Bolton 2003;

Cunnigham et al. 2003; Oliveira and Marinho 2003;

Tarantino and Tombolato 2005). Nonetheless, the

spread of this type of instrument is still fairly limited.

Development of ‘homemade’ and commercial high-

capacity tensiometers is hampered by a lack of

knowledge of basic principles, suitable design and

experimental techniques. Although state-of-the-art

reports on tensiometric measurement have already

been presented in the literature (Ridley and Wray

1996; Tarantino 2004), many points are worthy to be

addressed in the light of the most recent findings.

Tensiometric technique shares with axis transla-

tion technique a common working principle; that is,

the measurement of a pressure differential across a

high air entry porous ceramic. For this reason, these

two suction measurement techniques are presented

and discussed together to underline their similarities

(saturation procedures, the need for intimate contact,

air diffusion, air entry, etc) and their differences

(absolute positive and negative pressures, cavitation,

etc.) thereby giving to the reader the necessary basis
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to use and interpret the results obtained from those

two techniques. The axis-translation technique as a

system to control suction in unsaturated soil testing is

discussed in detail elsewhere in this issue (Vanapalli

et al. 2008, this issue)

2 Basic Concepts

2.1 Gauge vs. Absolute Pressure

In most Geotechnical Engineering applications, fluid

pressures are typically thought of and reported in

terms of gauge pressure, i.e. relative to atmospheric

pressure. Thus, pressure reduced to a value below

atmospheric, is referred to as negative if the fluid is

water or a vacuum if the fluid is air. However this

definition of pressure, although useful in engineering

practice, is of limited value in the quantification of

phase relationships as these are defined in terms of

absolute pressure. When referring to pressure in

absolute terms, the zero pressure origin is defined as a

total vacuum, the atmospheric pressure at sea-level is

approximately 101.6 kPa, positive water pressures

imply compression, and negative water pressures

imply that the water is being held in tension (i.e. it is

being stretched).

2.2 Surface Tension, Contact Angle,

and Hysteresis

The physics of the contact angle hysteresis is useful

to illustrate, at least in a qualitative way, the

mechanisms likely to control cavitation in high

suction tensiometer. It also provides a conceptual

justification for the axis-translation technique.

The surface tension, T, of a liquid is the force per

unit length acting in the plane of the surface of a

liquid in contact with its own vapour resulting from

the unsymmetrical force field at a liquid surface.

Consider a liquid in equilibrium with its own vapour

and a solid surface as shown in Fig. 1a. The angle

between the solid surface and the gas-liquid interface

at the three-phase line of contact is defined as the

contact angle, h (measured through the liquid). The

contact angle is the result of a balance between the

cohesive forces in the liquid and the adhesive forces

between solid and liquid. A liquid with a contact

angle less than 90� (e.g. water) is said to wet a surface

as a drop of the liquid tends to spread when placed on

a solid surface.

The phenomena of capillarity occurs in fluid-

surface systems of contact angles less than 90�. In

these cases, the contact angle of the system causes the

liquid to rise in small diameter pores such as the

idealised circular pore of Fig. 1b. The water pressure,

uwm, at the back of the meniscus can be calculated

by considering the vertical force equilibrium at the

air–water interface:

uwm ¼ ua �
4T cos h

d
ð1Þ

where d is the diameter of the capillary and ua is the air

pressure. Since cosh[ 0, water pressure at the back of

the meniscus, uwm, is less than air pressure. As a result,

the meniscus will rise in the capillary until hydrostatic

conditions are established. Let us assume that

air pressure is atmospheric (i.e. 101.6 kPa absolute

pressure), T = 0.072 N/m (air–water surface tension

at 20�C) and h = 0. Equation 1 indicates that the

absolute water pressure is zero when d = 2.8 lm and

becomes more and more negative as the radius of the

pore decreases. As will be seen in the next section,

the magnitude of this negative pressure is limited by

the phase relationships of the pore fluid and the

phenomenon of cavitation.

Gibbs (1948) showed that one and only one stable

contact angle exists for a given system for the case of

γlg

(b)

(a)
θ

γsl γsg

uw (+)(-)

d

ua

uwm

γlg

uw=ua

θ

Fig. 1 (a) Contact angle for an ideal smooth, homogenous and

non-deformable surface (c = surface tension, sl = solid-liquid,

sg = solid-gas, lg = liquid-gas). (b) Capillary rise of wetting

fluid
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smooth, homogenous and nondeformable solids. In

practice, however, this is rarely, if ever, the situation.

If these assumptions are removed, it can be shown

within the framework of classical thermodynamics

that many different stable angles exist for a given

system, i.e. the contact angle exhibits hysteresis

(Johnson and Dettre 1969). The concept of contact

angle hysteresis can perhaps be best explained by

considering the following example. As shown in

Fig. 2a, a drop of liquid can be placed on surface and

is progressively tilted until the drop rolls off the plate.

At a small inclination, the contact angles at the

leading and trailing edge of the drop will increase and

decrease respectively and prevent the drop periphery

from moving. This will continue until a limit

condition is attained when these angles become the

advancing and receding angles, ha and hr respec-

tively, at which point the drop will roll off the plate.

Thus, a number of macroscopic stable contact angles

exist for a given system in the range from hr to ha.

The hysteresis of the contact angle can be

produced by surface roughness. Consider once again

a drop on a tilting plate, this time with a rough

surface (Fig. 2b). Even though the leading and

trailing edges of the drop both meet the solid with

the same intrinsic angle, h0, the macroscopic angles

measured with respect to the tilt plane are different at

the front and back of the drop.

Surface heterogeneity can also cause contact angle

hysteresis. If, in our example the tilting plate is

heterogeneous (Fig. 2c), the leading edge of the drop

will tend to stop at the boundaries of the high-

contact-angle regions. The advancing angles may

then be associated with the intrinsic angle of the high-

contact-angle regions, whereas the receding angles

are controlled by the low-contact-angle regions

(Johnson and Dettre 1969).

2.3 Stable and Metastable States of Water

The phase diagram for water (Fig. 3) is reported in

undergraduate textbooks as the diagram defining

whether water will take the form of a solid (ice),

liquid, or gas (vapour) at a given temperature and

θa

θr

(a)

(b)

(c)

θ0

θr

θa

θ0

θa

θr

High-contact-angle surface 

Low-contact-angle surface 

Fig. 2 Hysteresis of contact angle for real surfaces (after

Johnson and Dettre 1969). (a) Water drop on a tilted surface.

(b) Effect of roughness on hysteresis. (c) Effect of heteroge-

neity on hysteresis

A (liquid) 

Critical Point 

Liquid

Vapour
Ice

Absolute temperature 

A
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ut

e 
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B≡B’ (liquid + vapour) 

C (vapour) 

M (liquid?) 

T1

Fig. 3 Phase diagram for water
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pressure. To explore the phase diagram, consider a

closed system containing liquid water at the temper-

ature and pressure of point A. If pressure is reduced

isothermally, the liquid-gas equilibrium line is even-

tually reached at point B, where bubbles normally

form in the liquid. In order for the pressure to be

further reduced to Point C, only vapour must be

present in the system.

Since absolute vapour pressure can not be negative,

the phase diagram shown in Fig. 3 seems to suggest

that also the minimum absolute liquid pressure (point

B) can not be negative. This has led to the common

misassumption that liquids can not withstand absolute

negative pressures. The phase diagram for water shown

in Fig. 3 only represents the stable states for water.

However, other states are possible (including water

under negative pressure) which do not violate the

principles of classic thermodynamics. To elucidate this

point, it is useful to represent the phase diagram of

water in the pressure-molar volume plane (Fig. 4a). If

liquid water at point A is subjected to isothermal

expansion, pressure will decrease according to the

equation of state of the fluid. At point B, liquid water

will transform into vapour water at constant pressure

(and temperature). As point B’ is reached, liquid water

will no longer be present in the system and further

expansion will bring water vapour to point C according

to the equation of state of water vapour.

A question that might be asked is whether liquid

water in D may exist in (meta)stable state if no gas is

present in the system. To answer this question it may

be useful to consider the equation of state of fluids

proposed by van der Waals:

pþ a

v2

� �
v� bð Þ ¼ RT ð2Þ

where p = pressure, v = molar volume, R = univer-

sal gas constant, T = absolute temperature, a and b

the van der Waals’ constants depending on the type

of fluid. This equation, though quantitatively inaccu-

rate, provides a simple picture of vapour–liquid

equilibrium (De Benedetti 1996). With respect to

the equation of ideal gas law, van der Waals’

equation accounts for the intermolecular repulsive

and attractive forces and describe the continuity

between gaseous and liquid states (Rowlinson 1988).

If the temperature is high enough that the average

kinetic energy of a molecule greatly exceeds the

molecular attraction the fluid behaves as a gas. If

temperature is low enough, attractive forces prevail

and the fluid behaves as a liquid. Van der Waals’

isotherms are plotted in Fig. 5 for liquid water at five

different temperatures.

Using Gibbs’ general criteria of equilibrium, it can

be shown that the fluid along the isotherm is stable

when the fluid isotropic compressibility, KT, is

positive (De Benedetti 1996). More thermodynamics

is required to explain this stability criterion which has,

however, a clear intuitive meaning. Equilibrium is

stable if pressure increases when the substance is

compressed isothermally (KT is positive). In this case,

the increase in fluid pressure will counterbalance

the external applied pressure. On the other side, the

equilibrium is unstable if pressure decreases when the

substance is compressed isothermally (KT is negative),

because the fluid pressure cannot counterbalance the
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Molar volume

A
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ut

e 
pr
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re
 

C (Vapour)

B’
B
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(a)
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Fig. 4 Isotherms in the pressure–partial volume plane and

Helmoltz energy of vapour and liquid water at constant

temperature (Tc = critical temperature)
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external applied pressure. According to this stability

criterion, the dashed part of the van der Waals’

isotherms (DE) in Fig. 4a represents unstable states,

i.e. impossible states for the fluid. On the other side,

states along BD and EB’ are stable states, as stability

criteria are satisfied. These states are however called

metastable because a gas phase will rapidly separate in

the liquid if an amount of gas is present in the liquid

(see Fig. 4b, path M–M’).

This can be shown in Fig. 4b, where the Helmholtz

energy is plotted against molar volume for isothermal

paths. Calculation of Helmoltz energy variation at

constant temperature can be found in De Benedetti

(1996). According to Gibbs’ general criteria of equi-

librium, a system at constant volume, temperature, and

mass will move to states of minimum Helmholtz

energy (Gibbs, 1948; Berry et al. 1980). Helmholtz

energy along the theoretical isotherm BD is higher than

Helmholtz energy along the coexistence line BB’. If

the liquid water is at point M and gas nuclei are present

in the system, liquid water will partially transform into

vapour water to bring the system to a lower Helmholtz

energy (M’). However, if the system were ideally free

of any gas, the water would remain liquid in M. The

locus passing through the minimum and maximum of

the isotherms in Fig. 4a that separate the region of

unstable states from the one of metastable states is

called the spinodal.

The van der Waals’ isotherms for water are plotted

in Fig. 5 with the constant a and b calculated from the

critical constants (Alberty 1987). This figure shows

that liquid water at 20�C can remain in a metastable

state down to a pressure slightly greater than 100 MPa.

This pressure would be the theoretical tensile strength

of water according to the van der Waals’ equation for

fluid. This value seems to capture the correct order of

magnitude of liquid water tensile strength although

different values can be calculated using a more

accurate equation of state.

2.4 Homogeneous and Heterogeneous Cavitation

Despite pure water having a high theoretical tensile

strength on the order of 100 MPa, experimental studies

have for years failed to approach this value. For

example, prior to the 1970’s experimental determina-

tions of the maximum attainable tensile stress in water

ranged approximately from 1.3 to 27 MPa (Knapp

et al. 1970). However more recently, Zheng et al.

(1991) were able to measure a tensile stress of

140 MPa in a single crystal of water, a value believed

to be very close to the maximal tension that water can

sustain. This wide variation in experimental data can

be explained by imperfections that lead to instability

and transition to points such as M’ in Fig. 4.

Imperfections can typically occur in two forms.

The thermal motions within the liquid form tempo-

rary, microscopic voids that constitute the nuclei

necessary for rupture and growth to macroscopic

bubbles. This is termed homogenous nucleation. The

tension necessary to cause homogenous nucleation in

pure water can be estimated by a simple calculation

(Brennen 1995). Let us assume that the ephemeral

vacancy caused by thermal motions has diameter

equal to the intermolecular distance of water

(d = 0.35 nm) and that such a vacancy rapidly

saturates with water vapour, having absolute pressure

equal to the vapour pressure of water (pv = 2.3 kPa at

20�C). The absolute water pressure necessary to

cause the expansion of the cavity can then be

calculated using Laplace’s equation (derived in a

similar way as Eq. 1):

pw ¼ pv �
4T

d
¼ �823 MPa ð3Þ

This value, however, has never been measured in

laboratory experiments. More often, major weakness

0.1 1

Molar volume (dm3/mol)
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Fig. 5 Van der Waals isotherms for water in the absolute

pressure–partial volume plane
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occurs at the boundary between the liquid and the

solid wall of the container or between the liquid and

small particles suspended in the liquid. Rupture that

occurs at these sites it is termed heterogeneous

nucleation. This latter type of cavitation is of interest

in tensiometer measurement.

The concept of heterogeneous cavitation will be

further developed by considering the behaviour of a

water reservoir bounded by a saturated ceramic filter

(i.e. a tensiometer) as shown in Fig. 6. In this

example, the saturation of the container system is

imperfect—as shown in enlarged inset of Fig. 6a,

there exists an idealised crevice on the container

boundary which contains a finite quantity of air and

water vapour. If the water pressure in the reservoir is

dropped, the pressure within the crevice must also

decrease, thereby increasing the gas volume accord-

ing to its equation of state (Fig. 6b). If the water

pressure in the sensor is dropped further, or if the

volume of gas increases due to diffusion, a critical

contact angle will eventually be reached which is the

higher between the crevice opening angle and the

receding contact angle (Mongiovı̀ and Tarantino

2002). At this point, the stability of the growing air

cavity cannot be maintained and it will be pulled

from the crevice in a form of free cavity (Fig. 6c). An

example of heterogenous cavitation triggered by air

trapped in wall crevices is observed in a glass of

champagne where diffusion of carbon dioxide into

trapped air-filled crevices causes steady streams of

bubbles to form on the sides of the glass (Balibar

2002).

The newly formed free cavity is unstable and will

almost instantaneously expand to occupy a large part

of the water reservoir. As the gas pressure in the cavity

is initially very close to the water vapour pressure, the

tensiometer will read an absolute pressure close to

zero and a gauge pressure of about -100 kPa. This

rapid jump to approximately -100 kPa gauge pres-

sure is therefore a clear indication of cavitation having

occurred in the system. It must be noted that hetero-

geneous cavitation in the tensiometer may also be

triggered by gas nuclei entrapped in the porous

ceramic rather than in the container wall as discussed

by Tarantino and Mongiovı̀ (2001) and Tarantino

(2004).

2.5 Air-Entry

The air-entry value of a saturated porous solid is the

gas-minus-liquid pressure differential which must be

applied to the initially liquid-saturated material to

initiate advective gas transport through the material.

This ability results from menisci that form at the

saturated-material boundary. The air-entry value can

then be theoretically calculated by considering the

force equilibrium at the air–water interface in a single

narrow pore at the material outer surface. This leads

to Equation 1 indicating that the magnitude of air–

water pressure differential at break-through will be

Fig. 6 The crevice model

of heterogeneous nucleation
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inversely proportional to the pore diameter. Therefore

porous ceramics are typically used for this applica-

tion as they can be made with uniform, highly

controlled pore size distributions. The typical pore

sizes used in tensiometers ranges from 6 lm to

0.16 lm corresponding to nominal air-entry values of

50–1,500 kPa, respectively. The actual air-entry

value is typically provided by the manufacturer by

measuring the air pressure applied to one side of the

ceramic necessary to cause bubbling on the other side

(bubbling pressure). Possible differences between

air-entry value and bubbling pressure have been

discussed by Tarantino (2004).

3 Measurement of Matric Suction

Using Tensiometers

3.1 Evolution of the Tensiometer

Occasionally in the literature, users of tensiometers

would record pressures below -100 kPa, but it was

not until the work of Ridley (1993) was published

that the geotechnical community became aware of the

possibility of creating a tensiometer which can

reliably measure negative water pressures down to

-1,500 kPa. This work created a new class of

tensiometer, known as the high capacity tensiometer

(HCT), which took advantage of available higher air

entry value ceramics (0.3, 0.55, 1.5 MPa) and was

designed to permit the water reservoir of the device to

achieve true tensile pressures.

3.2 HCT Design

The HCT design of Ridley (1993) and that of those

that followed after it was designed to delay hetero-

geneous cavitation within the water contained within

these devices. This involves minimising the volume

and surface area of the internal water reservoir to

reduce the absolute number of possible nucleation

sites, with the aim being to be statistically less likely

to suffer from unpredictable tension breakdowns

(Ridley 1993). The second modification, introduced

by Ridley and Burland (1995), involves the elimina-

tion from the design of the tensiometer any materials

which are particularly good sources of nucleation

sites, such as o-rings and elastomers. The influence of

elastomers on the behaviour of HCT’s has been

demonstrated by Take (2003). In an early version of

the tensiometer developed at Cambridge University

by Take (2003), an elastomer was used in the design

to isolate the pressure sensor from externally applied

effective stresses. Despite measuring tensions in

excess of 100 kPa, these early prototypes illustrated

a wide variation of maximum measurable suctions

ranging from 270 kPa to 480 kPa. Once the elastomer

was removed from the design of the sensor, nucle-

ation occurred only at tensions greater than the

nominal air entry value. This variation in maximum

attainable tension was also reported in the observa-

tions of Guan and Fredlund (1997) in which an o-ring

was also used in the design.

The schematics of several HCT reported in the

literature are presented in Fig. 7, including the HCT

developed at Imperial College (Ridley and Burland

1993, 1995), University of Saskatchewan (Guan and

Fredlund 1997), University of São Paulo (Marinho

and Pinto 1997), University of Trento (Tarantino and

Mongiovi 2002), Massachusetts Institute of Technol-

ogy (Sjoblom 2000; Toker 2002), Cambridge

University (Take and Bolton 2003) and University

of Durham (Lourenço et al. 2006). Also included in

Fig. 7, is the Druck PDCR-81, a commonly used

miniature pore pressure transducer which has some-

times been modified to act as a tensiometer. As can

be seen in Fig. 7, all of these devices share a common

design, with the only slight modification being in the

Cambridge and the Druck devices which are intended

for burial within soil, and as such, are designed to

isolate the internal pressure sensing diaphragm from

the effective stresses exerted on the outer case of the

device. The gap between the pressure sensor and the

outer shell ensures that any strains in the outer casing

of the device are not transferred to the pressure

sensing diaphragm, thus creating an apparent pres-

sure change. This issue is obviously only relevant for

HCT’s placed in a stress field, and not in the

measurement of matric suction in soil samples.

3.3 Saturation

Although the design of HCT is an important consid-

eration, design alone cannot ensure the measurement

of tensile water pressures. Indeed, it can be argued

that the most important factor determining the

success or failure of tensiometer measurements

relates to the saturation and preconditioning of the
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water contained within the porous filter and reservoir

of the device. The process of saturation of tensiom-

eters has been examined by Take and Bolton (2003)

following the work of Bishop and Eldin (1950) and

Lowe and Johnson (1960). This work is based on the

assumption that the air–water interface is flat and

indicates that air within a porous filter of initial

degree of saturation, Si, and at an initial absolute

pressure of Pi, will compress according to Boyle’s

law when pressure DP is applied, allowing water to

enter pores once occupied by air if the volume of the

porous ceramic is assumed constant. Henry’s law

Fig. 7 High capacity

tensiometers reported

in the literature
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dictates that the higher pressure will also result in

additional air being dissolved into the pore water. The

pressure change, DP, required to increase the degree

of saturation of a porous element to its final saturation

value, S, has been shown to be:

DP ¼ Pi
S� Sið Þ 1� Hð Þ
1� S 1� Hð Þ ð4Þ

where, H is Henry’s constant which is approximately

0.02 ml of air per ml of water at room temperature.

Since full saturation is required in the tensiometer

(i.e. S = 1), the theoretical magnitude of applied

pressure required to perform this task is a function of

both the initial absolute pressure of the air in the

voids and the initial degree of saturation of the porous

disk. Therefore, if the initial absolute pressure is

dropped close to 0 kPa absolute in a tensiometer

which is as dry as possible, the pressure required for

saturation can be minimized. Thus, Equation 4

provides a theoretical justification for a two-stage

saturation process in which the tensiometer is first

introduced to water under a high vacuum before a

large positive pressure is applied. Such a process

has been experimentally determined by researchers

(e.g. Ridley and Burland 1999) to give the best

results, with Tarantino and Mongiovı̀ (2002) and

Take and Bolton (2003) giving particular attention to

the role of initial dryness of the porous filter by

proposing a two chamber saturation to evacuate the

tensiometer in the absence of water.

Indeed, pressure DP given by Eq. 4 is sufficient to

dissolve most but not all the air in the ceramic and in

the reservoir. This is because the air–water interface

of air cavities retracting into the small pores of the

ceramic and crevices on the reservoir walls is no

longer flat but must become concave on the water

side. The meniscus is then capable of sustaining high

water pressures, thus preventing air dissolution.

Figure 8a illustrates an ideal conical crevice. The

depth h of the air cavity depends on the water

pressure pw, gas pressure pg, the advancing contact

angle ha and crevice opening u as follows (Mongiovı̀

and Tarantino 2002):

h ¼ 2T cos ha � uð Þ
tan u pg � pw

� � ð5Þ

Equation 5 suggests that the application of a positive

water pressure will cause h to decrease, and hence the

amount of air that is dissolved in water to increase. If,

on return to atmospheric pressure, a significant quan-

tity of the recently dissolved air does not return to the

cavity, but rather, is preferentially exsolved where

the water meets the free air (Ridley and Wray 1996),

the amount of gas within the total system will be

reduced. Thus, a higher water tension will be required

to initiate nucleation at these nucleation sites than had

existed previously. This is the reason why high

capacity tensiometers are conditioned by the applica-

tion of large positive water pressures prior to

measurement (often called pre-pressurisation).

Equation 5 also suggests that depth h can reduce to

zero (i.e. the air cavity completely dissolves) only if

ha B 90 + u. The meniscus remains convex on the

water side and will not be able to sustain a water

pressure pw greater than gas pressure pg. In contrast,

if ha [ 90 + u, the meniscus can reverse its curva-

ture and become concave on the water side.

According to Equation 5, the air cavity will not

dissolve regardless of the water pressure applied and

its depth h will increase as the advancing contact

angle ha increases. According to Harvey et al. (1944),

air cavities that remain entrapped in crevices are

likely to trigger cavitation when pressure is reduced

and the meniscus curvature is reversed (Fig. 8b).

The cavitation nuclei that remain undissolved

upon pressurization can be ‘extracted’ by cycles of

cavitation followed by large positive pressures

according to the mechanism suggested by Tarantino

and Mongiovı̀ (2001). This saturation technique is

particularly important in HCT’s with very high air

entry value ceramic filters (e.g. 1.5 MPa), as it has

been observed that one application of high positive

pressures is not sufficient to dissolve sufficient

trapped gas within a HCT (e.g. Tarantino and

Mongiovı̀ 2001) but cycles of cavitation followed

by pressurisation can significantly improve measure-

ment duration and maximum sustainable tension

ϕ

θar
θr

r

ra

ϕ

water water

solid solid

gas
gas

(a) (b) pwpw

pg pg

h

Fig. 8 Idealised conical crevice. (a) Gas cavity subjected to

positive pressure. (b) cavity subjected to negative pressure
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(Tarantino 2004). In lower air entry value porous

filters (e.g. 0.1, 0.3 MPa), a single pressurisation

event has been observed by Take and Bolton (2003)

to be sufficient for accurate measurement.

The duration of application of high pre-pressurisa-

tion pressures is another factor that may affect

saturation of the porous filter. Intuitively, the higher

the duration of pressurisation, the higher should be the

saturation of the ceramic filter and, hence, the

measurement duration and maximum sustainable

tension. However, Tarantino and Mongiovı̀ (2001)

report the response of one Imperial College tensiom-

eter after 1 year saturation at 4 MPa. During this

period, the tensiometer remained continuously stored

in the saturation chamber since not in use. The first

measurement recorded by this tensiometer, after

removal from the saturation chamber showed cavita-

tion occurred after just some seconds at a tensile stress

of about 650 kPa. This poor response was unexpected

as the tensiometer was assumed to be fully saturated

after such a long period of pressurisation.

After a single cycle of cavitation followed by

pressurisation, the tensiometer was capable of mea-

suring a remarkable suction, even much higher than

the nominal air entry value of the porous ceramic

(2600 kPa). This would suggest that cycles of

cavitation/pressurisation are more effective than

pressurisation itself. However, more data would be

needed to corroborate such an assumption.

3.4 Measurement Range

If saturated sufficiently, it has been shown by Ridley

and Burland (1995) that the maximum sustainable

suction of a HCT is strictly a function of the air entry

value of the ceramic. This is because the highest air

entry value of currently available ceramics is nom-

inally 1,500 kPa, whilst the tensile strength of water

is approximately two orders of magnitude greater. As

discussed by Take and Bolton (2004), caution should

be exercised when interpreting observations of

suction in excess of the nominal air entry value.

The observed suction in this case could either be the

true value or could be an artefact of the ongoing

process of air entry. Thus, the reliable measurement

range of a HCT should be taken as the maximum full

scale positive pressure of the pressure sensitive

diaphragm to a negative value corresponding to the

magnitude of the porous filter’s air entry value.

3.5 Contact

If good contact is not established between the soil

pore water and the porous filter of the HCT,

misleading observations of matric suction will be

obtained. The most drastic example is of a tensiom-

eter with no contact. In this scenario, the device will

quickly desaturate as it attempts to come into

moisture equilibrium with the air in the gap between

the tensiometer and the soil surface. The measured

suction will therefore not be representative of that

found in the soil. This issue has been overcome by

placing a small amount of slurry on the tip of the

tensiometer to ensure intimate contact between the

porous filter and the surrounding soil. It is recom-

mended to prepare the slurry at a water content near

the liquid limit, preferably using the fines of the same

material in which the tensiometer is going to be

installed. It should be noted that the response time of

the HCT will depend on the degree of saturation and

unsaturated permeability of the soil, but also on the

water content of the slurry used to improve the

contact. If the slurry is prepared excessively wet of

the liquid limit, the addition of this extra moisture

into the system will lengthen the time required for

moisture equilibrium to occur with the native soil

(e.g. Boso et al. 2004; Oliveira and Marinho 2008).

3.6 Osmotic Effect of the Porous Ceramic

Marinho and Chandler (1994) suggested that the fine

porous stone interface could prevent the passage of

ions from the soil water into the tensiometer reservoir.

As a result, an osmotic suction could develop in the

tensiometer because of the concentration gradient. The

tensiometer would then measure a value ranging

between matric suction and total suction.

A simple test was carried out by Tarantino (2004)

to verify whether porous ceramic has an osmotic

effect, i.e. is capable of retaining ions dissolved in

soil water. The tensiometer was immersed in 4

different NaCl solutions having osmotic suction of

216, 432, 650, and 880 kPa. The tensiometer was

kept in salt water for about 15 min and then replaced

in free water for other 15 min prior to testing the

subsequent NaCl solution. The pressure recorded by

the tensiometer did not change throughout the test,

indicating that the high air entry ceramic does not

have an osmotic effect, at least for this type of solute.
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However, it is possible that osmotic effects could

arise for different type of solutes.

3.7 Challenges

3.7.1 Interpretation

Unlike the measurement of positive pore water pres-

sures, the measurement of negative water pressures

brings with it some unique challenges—particularly in

the interpretation of suction data, and in the long term

measurement of soil suction. When measuring suctions

using tensiometers, it is not always apparent when the

tensiometer has stopped recording the true value of

suction. Indeed, it has been argued that the biggest

challenge associated with tensiometer measurement is

how to discriminate a good measurement from a bad

one (Tarantino 2004). This challenge has been rigor-

ously demonstrated by Take and Bolton (2003) in

which tensiometers were saturated to various degrees

of saturation. To illustrate this problem, the behaviour

of a tensiometer having been saturated to a degree of

saturation of 0.77 has been reproduced as Fig. 9. The

tensiometer was placed in water and then subjected to

known values of negative water pressure. As shown in

Fig. 9, the device initially correctly measures the

suction and continues to do so until the applied pressure

drops below -65 kPa (point B), at which point the

device becomes completely detached from reality.

This demonstration illustrates the high probability for

erroneous tensiometer measurements if the device is

not properly saturated or has been allowed to

desaturate in-situ. Other examples of erroneous mea-

surement occurring when ceramic disk is not

adequately saturated are provided by Tarantino

(2004). Strategies to overcome this issue include only

relying on highly qualified personnel to saturate, install

and monitor tensiometers; using two HCT’s to check

the internal consistency of suction observations by

using two or more tensiometers simultaneously placed

on the same sample (Tarantino and Mongiovı̀ 2001);

identifying indicators of adequate saturation of the

ceramic disk (Tarantino 2004); or using tensiometers

paired with other indirect methods of suction mea-

surement, again to check for consistency (Whalley

et al. 2006).

3.7.2 Long Term Measurement

The second major challenge currently facing HCT’s

relates to their ability to obtain long term measure-

ments. Although the conditioning process of applying

high positive water pressures can reduce the amount of

gas trapped in crevices, it can never completely

eliminate it. It has already been noted that the process

of diffusion can slowly lead to bubble growth over the

long term. Thus, the stabilisation afforded by the

conditioning process must be viewed as temporary—

the water held in the reservoir is metastable and all

tensiometers will inevitably experience nucleation.

However, no experimental data currently exists to

adequately predict the length of time a tensiometer can

remain operational at high suctions; such is the

variability in the instability of tension breakdown.

This topic is a current area of research.

Measurements at relatively high suction

(800–900 kPa) may last several days. Cunningham

et al. (2003) report measurement of s = 850 kPa for

8 days and suction measurement in the osmotic

oedometer presented by Tarantino and Mongiovı̀

(2000) could last more than 24 days for suctions

ranging from 250 to 800 kPa.

4 Measurement of Matric Suction Using the Axis

Translation Technique

4.1 Principle

The historical limitation of traditional tensiometer

measurements to matric suction values up to 80 kPa
Fig. 9 Challenge of interpreting tensiometer data (Take and

Bolton 2003)
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led to the development of an alternative laboratory

technique (Richards 1941, 1947) which sidesteps this

obstacle by artificially raising the atmospheric

pressure experienced by a soil sample. The working

principle of this technique is the familiar model of a

capillary pore and is reproduced in Fig. 10a for the

typical case in which the pore is subjected to

atmospheric air pressure (i.e. zero gauge pressure)

with the water climbing the capillary tube having

pressure less than atmospheric. If in the laboratory

environment, this same capillary tube was close-

ended and subjected to an elevated air pressure, the

system would respond as shown in Fig. 10b. In

Fig. 10b, the assumption has been made that the

water and solid boundaries are sufficiently incom-

pressible that the curvature of the meniscus interface

is not significantly altered (Olson and Langfelder

1965). If this is true, Eq. 2 predicts that the pressure

difference ua - uw, otherwise known as the matric

suction, also does not change. The end result is that

the water pressures within the capillary tube have

now risen to positive gauge pressures.

The significance of this elevation in water pressure

is illustrated in Fig. 11 for the measurement of matric

suction in unsaturated soils. In Fig. 11a, a sample of

soil has a matric suction (ua - uw) in excess of

100 kPa. As a result, if this suction is to be quantified

a pore water pressure lower than -100 kPa must be

recorded. However, if this same sample is subjected

to a large positive air pressure, the water pressure in

the soil can be raised to an easily measurable positive

gauge pressure. If drainage of the pore water is

prevented from the sample, the matric suction in the

soil can now be calculated as the difference of these

two known pressures. Thus, this technique is referred

to as the ‘‘axis translation technique’’ as water

pressure has been translated upwards with the air

pressure origin and away from the region of meta-

stable states. The above discussion has focussed on

the use of the axis translation technique to measure

suction. This technique may also be used to impose or

control suction. This can be accomplished by once

again elevating the ambient air pressure within the

test cell, but this time controlling also the pore water

pressure through a saturated porous filter in contact

with the sample (and, hence, allowing water drainage

from the sample until equilibrium conditions are

obtained).

4.2 Design of Axis Translation Test Chambers

The axis translation technique has been used to

measure or control suction in triaxial tests, oedom-

eters, and in direct shear tests (e.g. Vanapalli et al.

2008, this issue). However, by far the most common

use of the axis translation technique is in the pressure

plate apparatus which is used to determine the soil

water retention curve (e.g. Bocking and Fredlund

1980; Leong et al. 2004; Wang and Benson 2004,

amongst others). If only suction measurement is

required, only a sealed chamber which eliminates the

possibility of advective air flow and a pore water

pressure measurement device is required. If the axis

translation technique is applied to impose suction, a

highly saturated porous ceramic filter and water

reservoir are also required to permit water to enter or

(a) (b)

θ0 θAT 

ua0=0 (ua)AT>0

uw0<0 (uw)AT>0

r

θ0=θAT

(ua-uw)0 = (ua-uw)AT

Fig. 10 Working principle of axis translation technique

Fig. 11 Use of the axis translation technique to avoid

metastable states. (a) Atmospheric conditions; (b) axis-

translation
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leave the sample, as is a procedure to quantify these

moisture changes.

4.3 Saturation

As was the case in the measurement of matric suction

with HCT’s, it could be argued that the most

important factor determining the success or failure

of the axis translation technique relates to the

adequate saturation of the porous ceramic disk. For

if the ceramic disk is not sufficiently saturated or if

bubbles exist in the water reservoir, any measured

water volume changes in response to changes in

applied matric are meaningless. However, it must be

stressed that unlike the HCT the porous ceramic disk

and water reservoir are never subjected to negative

gauge pressures. As a result, the highly controlled

procedures for the conditioning of porous filter—

reservoir system to suppress potential cavitation

nuclei are typically not followed with the same

rigour. However, saturation is typically achieved by

broadly the same two stage method: the air chamber

above the ceramic is typically evacuated before water

is introduced into the cell, followed by pressurising

the system to a high positive water pressure. The

measurement of the saturated permeability is a good

reference for the saturation condition of the system.

4.4 Measurement Range

The range of axis translation technique to measure or

control matric suction is limited by two factors: the

maximum air pressure which can be imposed on the

system, and the air entry value of the ceramic filter. In

practice, the maximum measurable suction using the

axis translation technique is strictly a function of the

air entry value of the ceramic, as the highest air entry

value of currently available ceramics is nominally

1,500 kPa.

4.5 Contact

The contact between the pore water and the water of

the porous filter is paramount for reliable measure-

ments of suction using the axis translation technique.

Poor contact may dramatically increase the drainage

time required for equilibrium or may completely

eliminate water flow through the ceramic. If there is

no continuity of the water in the soil and the water in

the ceramic disk, the air pressure will act around the

soil sample causing a no flow condition to occur.

4.6 Challenges

4.6.1 Equilibrium Time

The axis translation technique, when used to impose

matric suction, does not yield instantaneous results.

Even in the absence of soil, the time required for the

porous ceramic filter to come into equilibrium with a

change in air pressure is on the order of a few

minutes, provided the amount of free water on the top

of the ceramic disk is small (e.g. Schreiner 1988).

Once a soil sample has been added to the system, the

time for equilibrium is extended due to the size and

permeability of the soil sample. The ASTM D-6836-

02 standard establishes that the equilibrium time

should be monitored according to the level of suction

and states that for suction less than 500 kPa it is

considered equilibrated the system that does not drain

any water for at least 24 h, for suction between 500

and 1,000 kPa this time should be 48 h and for

suction greater than 1,000 kPa no water should be

drained for at least 96 h. Many authors monitored the

equilibrium time behaviour, some of them reporting

that the equilibrium is not reached (e.g. Gee et al.

2002) and others reporting that the equilibrium is

reached (e.g. Leong et al. 2004). A close look in the

data of those papers seems to suggest that the

condition established by the ASTM D-6836 is not

attained. Thus, one of the challenges associated with

the axis translation technique is the potentially long

equilibrium time for each imposed suction.

One interesting strategy to overcome this chal-

lenge is to adopt the controlled outflow method

developed by Lorentz et al. (1993). The method

consist in applying air pressure allowing water to

drain as in the usual procedure, but closing the water

drainage before equilibration is attained. Closing the

water drainage before equilibrium is reached will

induce an equilibrium of pressure, related to the water

content present in the sample. The air pressure

applied minus the water pressure response is the

suction imposed. This method claims to be quicker

than the original procedure. Lorentz et al. (1993)

reported that for sands each point of the soil water

retention curve takes between 20 and 40 min. This

method has been used by many authors with reported
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success (e.g. Fourie and Papageorgiou 1995; Mach-

ado and Dourado 2001; Knight and Kotha 2001).

4.6.2 Moisture Loss Through Compressed Air Lines

The most intuitive way to apply the elevated air

pressure required for the axis translation technique is

to use compressed air. However, this could lead to a

non-obvious consequence of completely erroneous

measurements at low suctions. Figure 12 presents the

thermodynamic relation between suction and relative

humidity. If a suction of 50 kPa is to be imposed in a

soil sample the equivalent relative humidity should

be 99.96%. In the case of the air coming from the

compressor be at a relative humidity of 99.7% (which

is high and possible) the equivalent suction should be

about 400 kPa. This difference will cause instability

of the system as equilibrium will never be attained. In

order to minimize this effect a closed system may be

adopted using nitrogen. A numerical analysis of the

effect of moisture loss through compressed air lines

has been carried out by Romero (2001).

4.6.3 Air Diffusion

The long equilibrium times associated with the

drained axis translation technique make these tests

particularly susceptible to the process of air diffusion.

Fredlund and Rahardjo (1993) suggest that tests

lasting more than one day (without equilibrium

attained) will experience air diffusion. As mentioned

earlier, if bubbles exist in the water reservoir,

measured volume changes are rendered meaningless.

Air diffusion through the ceramic disk can be

minimised by elevating the water pressure in the

reservoir. The rate of accumulation of dissolved air

beneath the ceramic disc can be derived by consid-

ering the Fick’s law for air diffusion combined with

the ideal gas law to convert air mass to air volume

and concentration differential to matric suction

(Fredlund and Rahardjo 1993; Romero 1999):

dVd

dt
¼ nADh ua � uwð Þ

uw þ uatmð Þ tc
ð6Þ

where Vd is the volume of accumulated air, t is the

time, n, A, and tc are the porosity, cross-sectional

area, and thickness disc of the ceramic respectively, h

is the volumetric coefficient of solubility (h = 0.018

at 22�C), D is the air diffusion coefficient through the

saturated ceramic disc, uatm represents the absolute

atmospheric pressure, ua and uw refer to the air and

water gauge pressure, and ua - uw is the applied

matric suction. Equation (6) shows that the rate of

accumulation of dissolved air at given matric suction

ua - uw can be reduced if water pressure in the

reservoir uw is increased, i.e. a back-water pressure is

applied.

4.6.4 High Degrees of Saturation

As demonstrated in Fig. 10, the basic assumption

upon which the axis translation technique has been

built states that the water and solid boundaries are

sufficiently incompressible to not modify the curva-

ture of the interface upon the application of an

elevated air pressure. If the curvature of the menisci

remains constant, any change in air pressure is

directly translated into an equal increase in pore

water pressure. This is valid provided there are no

isolated air bubbles in the soil mass. This assumption

has been validated by Hilf (1956) and Bishop and

Donald (1961), by allowing a sample to come to

equilibrium under a specific matric suction (ua - uw)

and then changing the air pressure and measuring the

corresponding change in pore water pressure, and

Tarantino et al. (2000) in the range of absolute

negative pressures.

In general the air pressure is considered to be

atmospheric before the axis translation technique is

applied. Hilf (1956) suggested that air pressure

immediately after compaction may be initially higher

Fig. 12 Thermodynamic relation between suction and relative

humidity and the eventual difference between applied suction

and the equivalent suction of the air
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than atmospheric but rapidly tends to recover to the

atmospheric value. Barden and Sides (1970) infer

from experimental data that the occluded air bubbles

do not equilibrate rapidly as usually assumed. The

coefficient of diffusion of free water is 50 times

higher than that occurring in saturated soils. This

difference seems to be due to increase in viscosity

and tortuosity. This has great implication on the use

of axis translation technique.

Bocking and Fredlund (1980) performed a theoret-

ical study evaluating the effect of occluded air during

the use of the axis translation technique for measuring

suction. The results suggested that the suction is over

estimated if the soils have a highly compressible

structure. Chahal and Yong (1965) is surprisingly one

of the very few studies that has attempted to validate

the use of the axis translation technique by using

tensiometers in the same apparatus. The expected

effect of the use of the axis translation technique is that

it may inhibit the formation of nucleation inside the

soil. Chahal and Yong (1965) showed that when the

pressure plate apparatus is converted into a tensiometer

by the reduction of the air pressure to the atmospheric

conditions the pore water pressure measured is smaller

than the difference between air and water pressure

during the axis translation. Lourenço et al. (2006) has

more recently noted a similar discrepancy.

One theory to explain this response can be

generated by considering again the capillary tube

conceptual model. Unlike the capillary tubes dis-

cussed earlier in the paper, the capillary tube in this

discussion (Fig. 13a) contains an entrapped air cavity

at some elevation below the atmospheric air–water

interface dictated by the contact angle h0. If in the

laboratory environment, this same capillary tube was

sealed and subjected to an elevated air pressure, the

relative high compressibility of the air cavity will

lead to a significant reduction in the cavity’s volume,

the increase in the cavity air pressure being lower

than the external air pressure increase. If the gas-

liquid-solid junction of the outer meniscus remains

fixed, as occurs to the drop on the tilting plate in

Fig. 2, the curvature of the air–water interface hAT

will increase because of the compression of the

entrapped air cavity as shown in Fig. 13b, causing the

pressure differential between air and water pressure

to increase. This is in agreement with the findings of

Chahal and Yong (1965). This change in contact

angle with applied air pressure is in contrast to the

assumptions behind the axis translation technique.

However, if in the long term the external air at

elevated pressure would diffuse through the liquid

into the air cavity, an equilibrium will be restored.

The outer meniscus will recover the original curva-

ture and so will the suction (Fig. 13c). In other words,

limitations of the axis-translation technique at high

degrees of saturation essentially lie on the slow rate

of air diffusion to the air cavities.

To avoid the meniscus deformation shown in

Fig. 13b, the external air pressure can be varied

slowly to allow the air to diffuse towards the cavities

(Di Mariano 2000; Romero 2001). When controlling

suction using the axis-translation, an alternative

technique is to modify the water pressure while

keeping constant the external air pressure. Such a

technique is referred to as ‘air-overpressure’ tech-

nique in contrast to the classical ‘water-subpressure’

technique where air pressure is changed while

keeping constant the water pressure (Romero 2001).

Using the air-overpressure technique, deformation

associated with the temporary suction increase shown

in Fig. 13b can be avoided. This deformation can also

be viewed as generated by the external air pressure

which temporarily acts as total stress.

5 Final Remarks

Experimental equipment for the measurement of

matric suction in unsaturated soils using tensiometers

ua0=0

uw0<0

(ua)AT>0

θAT

θAT < θ0

(ua-uw)AT > (ua-uw)0

θ0

ua0=0
ua<(ua)AT

(uw)AT>0

θAT

(ua)AT>0

ua=(ua)AT

(b) (c)(a)

(uw)AT>0

θAT = θ0

(ua-uw)AT = (ua-uw)0

Short term Long term

Fig. 13 Working principle of axis translation technique in

presence of occluded air. (a) Negative water pressure. (b)

Positive water pressure in the short term. (c) Positive water

pressure in the long term
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and the axis translation technique have been shown to

share a common working principle; that is, the

measurement of a pressure differential across a high

air entry ceramic disk. In this paper, the current state

of the art in these two suction measurement tech-

niques has been presented and discussed together to

underline their similarities in saturation procedures,

the need for intimate contact, measurement range,

and challenges and limitations associated with air

diffusion and air entry. Although the advent of the

HCT has now permitted direct matric suction mea-

surements to -1,500 kPa, the ease of use of the axis

translation technique will ensure that both of these

techniques will be used to quantify the matric suction

of soils in laboratory tests for the foreseeable future.
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Abstract This paper reports on indirect soil suction

measurement methods. Indirect suction measurement

techniques measure the moisture equilibrium condi-

tion of the soil instead of suction. The moisture

equilibrium condition of the soil can be determined

by primary means as in vapor pressure, secondary

means as through another porous medium or tertiary

means as in measuring other physical properties of

the porous medium that indicates its moisture equi-

librium condition. Indirect suction measurement

techniques employing primary means include ther-

mocouple psychrometers, transistor psychrometer

and chilled-mirror psychrometer. Indirect suction

measurement techniques employing secondary means

includes the filter paper method and indirect suction

measurement techniques employing tertiary means

include thermal conductivity sensors and electrical

conductivity sensors. These techniques have been

widely used in engineering practice and in research

laboratories. However, each of these techniques has

its own limitations and capabilities, and active

research into improving these techniques is ongoing

in universities, research laboratories, and private

sector. This paper outlines working principles, cali-

bration, measurement, and application areas of these

methods based on recent literature and practice.

Keywords Soil suction � Thermocouple �
Transistor � Chilled-mirror � Psychrometer �
Filter paper � Thermal conductivity �
Electrical conductivity

1 Introduction

The understanding and wide acceptance of unsatu-

rated soil mechanics principles has produced a

gradual change in geotechnical engineering practice.

There is more than ever a greater need for reliable

soil suction measurement techniques as soil suction

becomes an integral part of engineering practice in

many situations involving unsaturated soils. Soil

suction is a result of capillary action, surface energy

properties of soil particles, and ionic concentration of

the pore water. Total suction results when both

mechanisms are active. Matric suction results when

only capillary action and surface energy properties

are active. Significant contributions have been made

by geotechnical engineers in the measurement of soil

suction. However, there is still need for research into

the measurement of both matric and total suction in
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the field and laboratory. Almost all suction measure-

ment methods have shortcomings including such

aspects as the range of application, cost, reliability,

and practicality.

This paper reviews indirect suction measurement

techniques based on the means of measuring moisture

equilibrium conditions in the soil. Indirect measurement

techniques employing primary means measure the

vapor pressure, e.g. thermocouple psychrometer, tran-

sistor psychrometer, and chilled-mirror psychrometer.

Indirect measurement techniques employing secondary

means measure the moisture equilibrium condition of

another porous medium, e.g. the filter paper method.

Indirect measurement techniques employing tertiary

means measure other physical properties of the other

porous medium’s moisture equilibrium condition, e.g.

thermal conductivity sensors and electrical conductivity

sensors. The paper summarizes basic working principle,

calibration, measurement, and application areas of

indirect soil suction measurement methods based on

the most recent literature. A critical evaluation of the

capabilities, limitations, and pitfalls of these methods is

also presented.

2 Primary Methods

Total suction of a soil sample may be inferred from

measurements within the vapor phase that is in

equilibrium with the sample. Devices that measure

relative humidity can be employed to infer total

suction. Thermocouple psychrometer, transistor psy-

chrometer, and chilled-mirror psychrometer are

examples of such devices.

2.1 Thermocouple Psychrometers

There are two types of thermocouple psychrometers

for determining total suction measurements in soils:

the wet-loop type sensor described by Richards and

Ogata (1958) and the Peltier type sensor described by

Spanner (1951). The wet-loop sensor is only used

with the psychrometric measurement technique,

whereas the Peltier sensor can be used with both

the psychrometric and hygrometric measurement

methods. The primary difference between these two

sensors is the manner by which water is applied to the

sensing junction. The wet-loop sensor is wetted by

manually placing a drop of water on a small ring that

is at the sensing junction. The wet-loop type sensor

technique has been improved in a new psychrometric

device which is called transistor psychrometer and it

is discussed in the next section.

Two important principles underlie the usefulness

of Peltier type thermocouple psyhcrometers: the

Seebeck effect and the Peltier effect. The Seebeck

effect is the phenomenon that permits a thermocouple

to be used for temperature measurement. A thermo-

couple is formed when two different metals are

joined together (Fig. 1a). If both ends of the wire are

joined to form a closed loop, electrical current will

flow through the wires whenever the junctions are at

different temperatures. The magnitude of the voltage

produced is dependent upon the temperature differ-

ence between the junctions. The Peltier effect is the

phenomenon which allows a thermocouple junction

to be cooled by passing an electrical current through

the junction. When current flows across the junction

of two dissimilar metals, heat will be either absorbed

or released at the junction. If the current flows in the
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same direction as the current produced by the

Seebeck effect at the hot junction, heat is absorbed.

If the current flows in the opposite direction, heat is

released.

Wescor, Inc. and Campbell Scientific, Inc. devel-

oped two thermocouple psychrometric methods for

the measurement of equilibrium relative humidity

from which total suction can be determined. These

are the psychrometric (wet bulb) and the hygrometric

(dew point) methods. Thermocouple psychrometers

that are commercially available from Wescor are the

PST-55 stainless steel and PCT-55 ceramic cup. The

PST-55 sensor has a non-removable stainless steel

shield, which has a larger pore size. The PCT-55

sensor has a removable ceramic shield. The same

sensors are used for either method but the electronic

control and measuring apparatus operate differently.

The Wescor HR-33T is a single-channel datalogger

and can be used to determine the total suction of a

sample using either dew point (hygrometric) or wet

bulb (psychrometric) methods. The Wescor/Campbell

CR7 datalogger and the new Wescor datalogger

PSYPRO use only the psychrometric method. The

PSYPRO data logger has eight channels. The CR7

series data logger has several channel configurations

(14, 28, 40, 70 and 140 channels). Using either

method with any of the instruments, a cooling current

is used to cool the thermocouple junction below the

dew point of the air surrounding the sample causing

water to condense on the junction. Water evaporation

and condensation is equilibrated and a voltage is

created. This voltage is converted to total suction

using standard salt solutions in the case for

calibration.

Careful cleaning and thorough drying of the

psychrometers before and after calibration and

measurements are essential to reliable instrument

performance. Contaminants, such as salts, can affect

cooling, evaporation, and microvolt output. The pore

size of the protective housing on the thermocouple

psychrometer prevents most of contaminants, such as

soil particles, from entering the sensor cavity. The

most serious contamination occurs if dissolved con-

taminants migrate through or accumulate on the

protective housing. Psychrometers can be cleaned

with distilled or deionized water. A range of sodium

chloride (NaCl) and potassium chloride (KCl) solu-

tions of known osmotic suctions is typically used to

establish the relationship between total suction and

microvolt output. Typical NaCl solution concentra-

tions versus their osmotic suction values are given in

Table 1. A typical calibration curve for thermocouple

psychrometer is shown in Fig. 1b.

Calibration solutions are chosen to cover the

anticipated range of total suction to be measured.

Correct calibration of thermocouple psychrometers is

extremely important because the accuracy of all

subsequent measurements and interpretations will be

based on these data. For routine measurements across

the entire range, a minimum of four calibration

solutions are typically selected to characterize each

psychrometer’s response to changes in total suction at

a given temperature. Thermocouple psychrometers are

typically calibrated by direct immersion into a small

container of calibration solution or by suspension of

the sensor over the solution in the container. The

immersion method has often been selected because

this configuration helps to control the temperature

fluctuations better. The disadvantage with the immer-

sion method is the possibility of salts getting on the

sensors. Sensors should be immersed at a fairly

shallow depth otherwise there will be an added

Table 1 Osmotic suction of NaCl solutions at 25�C (from Bulut et al. 2001)

Molality

(m)

Osmotic

coefficient (/)

Osmotic

suction (kPa)

Molality

(m)

Osmotic

coefficient (/)

Osmotic

suction (kPa)

0.000 1.00000 0.00 0.300 0.92123 1370.19

0.002 0.98402 9.76 0.500 0.92224 2286.15

0.005 0.97604 24.20 0.700 0.92691 3216.82

0.010 0.96804 47.99 0.900 0.93350 4165.31

0.020 0.95832 95.02 1.200 0.94567 5626.15

0.050 0.94357 233.90 1.600 0.96487 7653.84

0.100 0.93250 462.32 2.200 0.99818 10887.35

0.200 0.92387 916.08 2.600 1.02263 13182.03
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pressure component that may force the solution

through the mesh liner and subsequently onto the

sensor. The pore size of typical screen-cage and

ceramic-cup housing is sufficiently small to prevent

liquid from entering the air-filled sensor cavity

(Pinnock 2005, personal communication) at low pres-

sures. A water bath is usually employed to maintain

temperature stability. The microvolt output from a

thermocouple psychrometer is very sensitive to ambi-

ent temperature fluctuations. Under isothermal

conditions, the equilibration between thermocouple

psychrometer sensor and vapor pressure from the salt

solution is usually established within an hour. The

resulting microvolt readings are plotted against corre-

sponding osmotic suctions of the salt solutions to obtain

a calibration curve (Fig. 1b). The practical range over

which total suction measurements can be made with

thermocouple psychrometers is between about 300 and

7,000 kPa. Total suction values between about 300 and

500 kPa should be evaluated very carefully since this is

the range most affected by temperature fluctuation.

Suction values below 300 kPa should be carefully

evaluated for validity.

Application of thermocouple psychrometers to

infer total suction of unsaturated soils in geotechnical

engineering research and practice has greatly broad-

ened in the recent years. In one recent application,

Bulut et al. (2005) monitored the total suction change

of cylindrical Shelby tube soil samples over time with

thermocouple psychrometers to determine unsatu-

rated soil moisture diffusion coefficients. In another

application, Blatz and Graham (2003) embedded

Wescor PST55 in triaxial specimens to measure

suction during isotropic loading and shearing.

2.2 Transistor Psychrometer

Transistor psychrometer consists of a thermally

insulated container that holds the psychrometer

probes and a datalogger for measurement and record-

ing of output. The instrument is very similar in

operation to the thermistor psychrometer (Woodburn

et al. 1993). The transistor psychrometer is an elec-

tronic wet and dry bulb thermometer in which a wet

and dry transistor probe is used instead of wet and dry

thermometer bulbs as in thermistor psychrometers.

The sensor is used for inferring the relative humidity

of the air space in equilibrium with a soil sample. The

temperature depression of the wet transistor, which

holds a standard-size water drop, is measured with the

sensors in the probe (Fig. 2a). The wet and dry

transistors are employed as heat sensors and the

voltage output from the probe is used to infer total

suction.

Improvements in performance have been made

that allow the device to measure a much wider range

of total suction, from about 100 kPa to about

10,000 kPa. Much of the improvement is due to

calibration procedure and advances in micro-chip

technology (Woodburn et al. 1993). The range and

accuracy in measurements are also attributed to

sensitivity of the transistors to changes in tempera-

ture. Soil Mechanics Instrumentation (Woodburn

et al. 1993) produces two types of thermally insulated

containers for the transistor probes: 12-probe unit and

8-probe unit. The 8-probe psychrometer is equipped

with an insulated lid for better temperature control.

Each probe can measure total suction in about 1 h.

Twelve and eight soil total suction measurements can
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Fig. 2 (a) Schematic

drawing of a transistor

psychrometer probe and (b)

a typical calibration curve
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be made within an hour with the 12- and 8-probe

units, respectively.

The calibration of the psychrometer probes,

determined from the relationship between millivolt

output from the transistor and a known osmotic

suction value of a salt solution (Table 1), should be

carried out carefully. A typical calibration curve of a

transistor psychrometer probe is depicted in Fig. 2b.

The calibration curve can be affected by several

factors: temperature fluctuations, hysteresis, and

water drop size. The transistor probes are first

equilibrated for at least 4 h at zero total suction over

distilled water and the output is adjusted to the initial

zero reading before any calibration process or soil

suction measurements. Afterwards, the different

voltage outputs are recorded from the datalogger

following 1 h equilibration period for each suction

level. The relationship between relative humidity and

total suction (e.g., Kelvin equation) is used to

determine the soil total suction. The thermally

insulated container provided for the probes maintains

a fairly constant temperature during the period of the

test. Greater accuracy and reproducibility of results is

obtained in a room where temperature is controlled to

about ±0.5�C (Woodburn et al. 1993). Transistor

psychrometer can only do point measurements (e.g.,

applicable for small soil specimens of 15 mm in

diameter and 13 mm in height). The limitation of soil

specimen size when using the transistor psychrometer

is also widely recognized.

Transistor psychrometers have been used around

the world. In Australia and New Zealand this

instrument has been used for unsaturated expansive

soils applications (Woodburn 2005, personal com-

munication). It has practically replaced thermocouple

psychrometers in many laboratory soil suction

measurements. Recent studies by Bulut et al. (2000,

2002) showed that transistor psychrometer has a

better capability of measuring total suction at lower

levels when compared with other psychrometric

methods.

2.3 Chilled-Mirror Psychrometer

A chilled-mirror psychrometer uses the chilled mirror

dew point technique to infer total suction under

isothermal conditions in a sealed container (Fig. 3a).

The chilled-mirror psychrometer discussed in this

paper is a product of Decagon Devices, Inc. and is

known as a WP4 Dew Point Potentiameter (www.

decagon.com). Measurement of total suction with the

WP4 is based on equilibrating the liquid phase of

the water in a soil sample with the vapor phase of the

water in the air space above the sample in a sealed

chamber. A Peltier cooling device is used to cool the

mirror until dew forms and then to heat the mirror to

eliminate the dew. Temperature of the sample is

measured with an infrared thermometer. An optical

sensor is also employed to detect the dew formed on

the mirror. A thermocouple attached to the chilled

mirror measures the dew point temperature. A small

fan is also employed to circulate the air in the sensing

chamber and speed up vapor equilibrium. Both the

dew point and soil sample temperature are then used

to determine the relative humidity above the soil

sample within the closed chamber.

The chilled mirror technique offers a fundamental

characterization of humidity in terms of the temper-

ature at which vapor condenses. Therefore, the

calibration of the instrument with different concen-

trations of salt solutions is not necessary. However,

the performance of the instrument should be checked
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prior to total suction measurement by measuring the

total suction of a salt solution with a known osmotic

potential (WP4 User Manual). When the temperature

readings have stabilized, the instrument will deter-

mine the relative humidity of the enclosed space

above the soil sample and will display the total

suction of the sample. Temperature control is very

important. The measured difference between dew

point and sample temperatures must be kept small.

The WP4 chilled-mirror psychrometer is a very

robust instrument that is suitable for rapid total

suction measurements, usually less than 10 min. It is

important to avoid contamination of the instrument.

The sample cup should be filled to less than full

capacity to minimize the potential of contaminating

the chamber. If necessary, the mirror and fan can be

cleaned according to procedures outlined in the user’s

manual.

Bulut et al. (2002) developed a complete charac-

teristic curve for the WP4 instrument using the

relationship between osmotic suction and salt solution

concentration. Figure 3b shows the characteristic

curve for this instrument at low suction levels.

Figure 3b shows that once osmotic suction falls below

about 1,000 kPa the scatter in suction increases. Bulut

et al. (2002) compared the accuracy of the chilled-

mirror psychrometer with the filter paper method for

total suction measurements of undisturbed soil sam-

ples. Bulut et al. (2002) found that the degree of error

associated with the WP4 psychrometer is higher than

with the filter paper method at low suction levels, but

very good correlation between the two methods at high

total suction levels.

Leong et al. (2003) evaluated the accuracy of a

chilled mirror dew point device using compacted soil

samples. A thorough calibration of the instrument

using several standard salt solutions was performed.

The equilibration time during calibration and total

suction measurement was short, less than 15 min. The

total suction measurements on the compacted sam-

ples were compared to the sum of matric and osmotic

suctions of the same soils that were measured

independently. The matric suction of the soils was

measured with the null-type axis-translation apparatus

and the osmotic suction of the samples was estimated

from electrical conductivity measurements of the soil

water solution obtained from a pore fluid squeezer

device. The test results showed that total suctions

obtained using the chilled mirror dew point device

were always greater than the sum of the matric and

osmotic suctions measured independently. In ASTM

D6836-02 , the chilled-mirror hygrometer is used in

Method D for determining the desorption soil water

characteristic curve for suction range above 1,000 kPa

as the limitation of the chilled-mirror hygrometer for

low suction levels is widely recognized. Another

promising psychrometer that has been used for mea-

surement of total suction is the polymer capacitance

sensor which consists of two electrodes separated by a

film of thermoset polymer that absorbs or releases

water as the relative density of the surrounding air

changes (Albrecht et al. 2003). Siemens and Blatz

(2005) introduced a Xeritron XN1018 relative humid-

ity sensor for total suction measurements. The sensor

was modified so that it could be used inside triaxial

specimens.

3 Secondary Methods

Secondary methods employ a separate porous medium

to achieve moisture equilibrium with the soil where

suction measurement is required. Filter paper has

become the de-facto material for suction measurement.

The soil suction measurement procedure using filter

paper is outlined in detail in ASTM D5298-94,

Houston et al. (1994), and Bulut et al. (2001).

3.1 The Filter Paper Method

Among all the known suction measurement methods,

the filter paper technique is the only method from

which both total and matric suction can be inferred.

Using the filter paper method, the soil specimen and

filter paper are brought to moisture equilibrium either

in contact (matric suction) or not in direct contact (total

suction) in a constant temperature environment

(Fig. 4). Direct contact between the filter paper and

the soil allows water in the liquid phase and solutes to

exchange freely, whereas separation between the filter

paper and the soil by a vapor barrier limits water

exchange to the vapor phase only and prevents solute

movement. Matric suction measurements using the

filter paper method are similar to the total suction

measurements except that intimate contact must be

provided between the filter paper and the soil (Fig. 4).

After equilibrium is established between the filter

paper and soil, the water content of the filter paper is
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measured. Then, by using the appropriate filter paper

calibration curve, the suction of the soil is estimated.

The calibration curves are usually obtained from the

processes of wetting and drying the filter papers

through vapor transfer (salt solutions) and drying and

wetting the filter papers through fluid transfer (porous

plates). There are still many concerns about the

reliability of the filter paper method. The filter paper

method is a simple technique and can be reliable if the

basic principles of the method are understood and a

strictly practiced laboratory protocol is carefully

followed.

As accuracy of the filter paper technique is depen-

dent on the accuracy of the filter paper water content

versus suction calibration curve, the calibration tech-

nique of the filter paper method has been investigated

by numerous researchers (e.g. Houston et al. 1994;

Bulut et al. 2001; Leong et al. 2002). Calibration

equations should be developed specifically for the

specific filter paper being used. The most commonly

used filter papers are Whatman No. 42 and Schleicher

& Schuell No. 589-WH. The Schleicher & Schuell No.

589-WH filter paper is now called grade 989-WH in

the US. The reason for this name change in the US is

that in Europe the grade name 589-WH is used for a

filter paper that has different specifications to the US

version (Reeves 2003, personal communication). This

means that prior to year 2003 the calibration curves for

Schleicher & Schuell No. 589-WH filter papers were

different depending if they were produced in US or

Europe.

Until Houston et al. (1994) all suction measure-

ments were based on a single calibration curve.

Houston et al. (1994) developed two calibration

curves for Fisher quantitative coarse (9.54 A) filter

paper: one for total suction and one for matric suction

and reported that the curves were different. Bulut

et al. (2001) developed two calibration curves for

Schleicher & Schuell No. 589-WH filter papers: one

by the process of wetting from initially dry filter

papers through vapor flow using NaCl solutions and

one by the process of drying from initially saturated

filter papers through fluid flow using pressure plates

and membranes. Leong et al. (2002) developed

different calibration curves for total and matric

suctions for Whatman No. 42 and Schleicher &

Schuell No. 589-WH filter papers from initially dry

filter papers using NaCl solutions and pressure plate.

The calibration curves constructed by Leong et al.

(2002) and Bulut and Wray (2005) are given in

Fig. 5. In a more recent study, Bulut and Wray (2005)

re-evaluated the filter paper method based on a new

calibration curve and the most recent published

literature.
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The differences in the filter paper calibration

curves in the literature are attributed to several factors

such as the suction source for the calibration,

thermodynamic definitions of suction components,

and equilibration time (Fredlund and Rahardjo 1993;

Houston et al. 1994; Bulut et al. 2001; Leong et al.

2002; Bulut and Wray 2005; Walker et al. 2005).

Walker et al. (2005) evaluated total suction measure-

ments of a soil sample using transistor psychrometer

and filter paper method. Walker et al. (2005) adopted

the filter paper calibration curve in Hamblin (1981)

and found that total suction measurements from the

filter papers were significantly smaller than the total

suction measurements from the transistor psychrom-

eter. Walker et al. (2005) suggested that the total

suction calibration curves represent a transient con-

dition during the calibration period and that a unique,

single calibration curve should be used for both total

and matric suction measurements. In other words,

Walker et al. (2005) suggested that if sufficient time

is allowed for equilibration, the total suction calibra-

tion curve will tend towards the matric suction

calibration curve. Bulut et al. (2001) and Bulut and

Wray (2005) stated that a single calibration curve

based on water vapor measurements is adequate for

both total and matric suction measurements. Leong

et al. (2002) attributed the differences between the

calibration curves to the initial condition of the filter

paper whether it is from the dry or wet condition.

Leong et al. (2002) stated that if the calibration

curves are from the initially wet filter paper condi-

tion, then it may be possible that both calibration

curves are similar. However, two different calibration

curves are obtained when the initially dry filter papers

are adopted. Leong et al. (2002) and Bulut and Wray

(2005) discussed in detail the different calibration

curves of filter papers and the time required for

equilibration.

It is extremely important to minimize temperature

gradients during the calibration with salt solutions as

well as during total suction measurement. During

calibration, it is suggested that temperature fluctua-

tions should be maintained within an accuracy of

±0.1�C or better. It would be ideal to maintain a

similar accuracy during total suction measurements,

but it may be difficult to obtain such accuracy in a

geotechnical engineering laboratory. Therefore, this

accuracy may be relaxed to some degree. Tempera-

ture fluctuations are extremely critical at high relative

humidity levels. Bulut and Wray (2005) described

the sensitivity of suction at high relative humidity

levels and illustrated that minor changes in relative

humidity result in very large changes in suction. For

instance, relative humidity values of 0.999656 and

0.999063 result in osmotic suction values of 47.199

and 128.6 kPa, respectively. Filter papers should also

be allowed to equilibrate for a sufficient time. Recent

literature suggested that an upper limit of equilibra-

tion time of 14 days is sufficient for filter paper

calibration over salt solutions and distilled water, and

1 week of equilibration period is usually considered

satisfactory for most soil suction measurements.

4 Tertiary Methods

The disadvantage of the secondary methods of indirect

suction measurement is the need to determine the

moisture content of the porous medium in equilibrium

with the soil. Tertiary methods of indirect suction

measurement overcome this problem by measuring

properties of the porous medium that indicate its

moisture content. Examples of devices that employ the

tertiary method of indirect suction measurement are

thermal conductivity sensor and electrical conductivity

sensors.

4.1 Thermal Conductivity Sensor

A thermal conductivity sensor employs a porous

block, typically ceramic, as a medium to measure

matric suction indirectly. If a matric suction gradient

exists between the soil and porous block, water flux

will occur until their suctions are equal. The thermal

conductivity of the block consists of the thermal

conductivity of the solid and the fluid (air or/and

water) that fills the voids in the porous block. The

thermal conductivity of water is about 25 times that

of air. Therefore, as the moisture content of the

porous block increases, the thermal conductivity of

the block increases. The moisture content of the block

is measured by heating the porous block with a heater

embedded in the centre of the porous block and

measuring the temperature rise during heating. The

temperature rise is related to the thermal conductivity

of the porous medium and the moisture content. The

temperature rise can then be used as an index of

matric suction in the soil. The time to equilibrate
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depends on the temperature gradient and the hydrau-

lic conductivity of the porous medium and

surrounding soil. Soil salinity has an insignificant

effect on the thermal conductivity sensor readings.

The basic design of thermal conductivity sensor

essentially follows the design of Phene et al. (1971)

as shown in Fig. 6a. Over the years, the performance

of the thermal conductivity sensor has been

improved. Thermal conductivity sensors have been

used in the laboratory as well as in the field (Fredlund

and Wong 1989; Oloo and Fredlund 1995; O’Kane

et al. 1998; Marjerison et al. 2001; Zhang et al. 2001;

Nichol et al. 2003). Currently, thermal conductivity

sensors are available commercially (e.g. Campell

Scientific, Inc. and GCTS). The Campbell Scientific

thermal conductivity sensor CSI 229 has a matric

suction measurement range from 10 to 1,500 kPa

whilst the GCTS thermal conductivity sensor FTC-

100 has a matric suction measurement range from 1

to 1,500 kPa. For the CSI 229, a 50 mA current is

used with a 20–30 s heating time. Typically the

ambient temperature and the temperature after the

heating period is recorded from which the matric

suction is inferred from the calibration curve. For

the FTC-100, a 200 mA current is used with a 60 s

heating period. The heating curve is recorded for

3 min during a measuring cycle. The diameter and

length of the CSI 229 thermal conductivity sensor

porous block are 15 and 25 mm, respectively,

whilst those of the FTC-100 thermal conductivity

sensor are 28 and 38 mm, respectively. The CSI

229 is more sensitive at matric suctions less than

300 kPa (He 1999). The resolutions of the FTC-100

suction measurements in the ranges of 1–10, 10–100,

100–1,000 kPa are 0.1, 1, and 5–10 kPa, respec-

tively (UST 2004).

The main problem with the thermal conductivity

sensor is the variable uniformity of the porous block

from sensor to sensor. This means that a separate

calibration curve is required for each thermal conduc-

tivity sensor. In addition, the thermal conductivity

sensor shows hysteretic behavior on drying and wetting.

Reece (1996) suggested that the thermal conductivity of

the CSI 299 be normalized with the thermal conduc-

tivity measured after oven drying the sensor. With the

normalization, Reece (1996) obtained a linear calibra-

tion curve between the inverse of the normalized

thermal conductivity and the natural logarithm of

matric suction up to 1,200 kPa. Above a matric suction

of 1,200 kPa, a non-linear calibration curve is obtained.

The hysteretic effect was not considered in the inter-

pretation of matric suction measurement. Zhang et al.

(2001) evaluated 30 CSI 229 sensors and showed that

the effect of hysteresis in the CSI 229 thermal

conductivity sensor should be taken into consideration

when measuring matric suction. Different calibration

curves were obtained for the drying and wetting of the

CSI 229 as shown in Fig. 6b.

Similar hysteretic effects were also observed in the

precursor of the FTC-100 sensor (Feng and Fredlund

2003). The equilibration time of the thermal conduc-

tivity sensor is dependent on the contact condition

between the central element (heater and temperature

sensor) and the porous block. Even the contact

condition between the sensor and the soil affects the

response of the CSI 229 (Zhang et al. 2001). Zhang

et al. (2001) found that equilibration time of the CSI

229 thermal conductivity sensor can vary from

several hours to several tens of hours irrespective of

the suction level due to contact condition between the

sensor and the soil. Furthermore, the porous block of

the CSI 229 thermal conductivity sensor could be
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easily damaged during installation. Nichol et al.

(2003) installed 18 FTC-100 type of thermal con-

ductivity sensors in the field at depths of 0.2 and

4.5 m. They found long-term drift of the thermal

conductivity sensors. However O’Kane et al. (1998)

and Marjerison et al. (2001) did not experience such

problems in their long term monitoring of matric

suction with thermal conductivity sensors.

4.2 Electrical Conductivity Sensor

The electrical conductivity sensor consists of a porous

block and two concentric electrodes embedded inside

the block (Fig. 7a). The porous block serves the same

purpose as the porous block in the thermal conduc-

tivity sensor. However instead of thermal

conductivity, the electrical conductivity sensor mea-

sures the electrical conductivity of the porous block.

As the moisture content of the porous block increases,

the electrical resistance of the block decreases. The

electrical resistance of the porous block can be related

to the matric suction of the block. Unfortunately, the

electrical resistance of the porous block is also

dependent on the salt concentration of the soil solution

and may not be a direct indication of the moisture

content of the porous block. The electrical conduc-

tivity sensor must be excited by a small AC voltage to

prevent polarization. Polarization effects will cause

the results to be distorted and deterioration of the

electrical conductivity sensor. The AC signal must

then be converted back to DC voltage for reading. The

need for conversion of AC signal to DC signal means

additional hardware is needed to interpret the reading.

Usually the electrical conductivity sensor is read

manually from a meter, limiting the number of

readings when used in the field (Skinner et al. 1997).

Electrical conductivity sensors are commercially

available (e.g. Soilmoisture Inc., Measurement Engi-

neering Australia, Delmhorst Instrument Company,

Irrometer Company Inc., and Environmental Sensors

Inc.). Gypsum was found to be the most suitable

porous block material as gypsum took the shortest

time to saturate and responded fastest in matric suction

measurements (Buoyoucos and Mick 1940). Gypsum

also tends to buffer the soil salinity thereby decreasing

the effect of soil salinity. This however has the

unintended effect of degrading the electrical conduc-

tivity sensor as the gypsum eventually dissolves

completely into the soil solution. Similar to the

thermal conductivity sensor, the gypsum block of the

electrical conductivity sensor also suffers from hys-

teresis. The electrical conductivity sensor has a long

equilibration time (2–3 weeks) in a rapidly changing

moisture environment (Aitchison and Richards 1965).

These shortcomings had led to a diminished use of

electrical conductivity sensor for matric suction mea-

surement even in the agricultural industry (Skinner

et al. 1997). He (1999) evaluated the performance of

the Soilmoisture model 5201 gypsum electrical con-

ductivity sensors. The gypsum block has a diameter

of 32 mm and a length of 35 mm. The electrical

conductivity sensor is used together with a Soilmois-

ture model 5910-A meter. The meter provides a 60 Hz

square wave, 1-Vpp excitation voltage and gives a

digital readout. The equilibration times of the gypsum

electrical conductivity sensors were found to vary with

matric suction ranging from 6 h for a matric suction of

50 kPa to 50 h for a matric suction of 1,500 kPa. The
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calibration curves of two Soilmoisture model 5201

gypsum electrical conductivity sensors (ECS1 and

ECS2) are shown in Fig. 7b. The sensitivity of the

electrical conductivity sensor becomes very low when

the matric suction exceeds 300 kPa. Currently,

research on the electrical conductivity sensor is still

ongoing to overcome its shortcomings.

5 Summary

This paper has summarized basic working principles,

calibration, measurement, and application of indirect

soil suction measurement methods based on the most

recent literature. The indirect suction measurement

methods have been grouped into primary methods

which measure the vapor pressure, secondary meth-

ods which measure the moisture content of a porous

medium, and tertiary methods which measure other

properties of the porous medium which indicate its

moisture content. Table 2 summarizes key character-

istics of indirect suction measurement methods. The

source/manufacturer mentioned in the paper is meant

for reference and does not represent product endorse-

ment by the authors. The list is also not meant to be

exhaustive.

6 Conclusion

Accurate total suction measurement is still difficult

with current technology, especially for total suction

levels below about 100 kPa. Difficulties with the

primary methods measurement techniques basically

arise from two main sources. The first stems from the

fact that relative humidity in the soil air phase changes

only a small amount within the typical range of

suction interest. Most measurements of interest to

studies of unsaturated soils lie in the narrow relative

humidity range from about 0.94 and 1.00. The second

main source of difficulty arises from the fact that

minor temperature fluctuations may lead to large

errors in determination of total suction. Refinements

to minimize the temperature sensitivity of the psy-

chrometric techniques may be possible through

careful analysis of heat and vapor flow through and

around the measuring sensors. More research is

needed to improve primary methods of suction

measurement. The secondary methods of indirect

suction measurement are prone to operator error.

Unless a strictly practiced laboratory protocol is

followed, the filter paper method may give question-

able results. However the filter paper method is simple

and is the most affordable indirect suction measure-

ment method. The tertiary methods of indirect suction

measurement (thermal conductivity sensor and elec-

trical conductivity sensor) measure the properties of

the porous medium associated with its moisture

condition from which matric suction is inferred.

However, the most severe limitation of the thermal

conductivity sensor and the electrical conductivity

sensor is hysteresis. Correct matric suction is obtained

only if the appropriate calibration curve is used.

Table 2 Summary of indirect soil suction measurement methods

Category Method Suction Suction

range (kPa)

Equilibrium

time

Source/manufacturer

Primary TPa Total 300–7000 1 h Wescor: www.wescor.com

Campbell Scientific: www.campbellsci.com

TrPa Total 100–10,000 1 h Soil Mechanics Instrumentation: Australia

CMPa Total 500–30,000

(or higher)

10 min Decagon Devices: www.decagon.com

Secondary FPMa Total/Matric 50–30,000

(or higher)

5–14 days Whatman: www.whatman.com

Schleicher & Schuell: www.schleicher-schuell.com

Tertiary TCSa Matric 1–1,500 Hours to days Campbell Scientific: www.campbellsci.com

GCTS: www.gcts.com

ECSa Matric 50–1,500 6–50 h Soil Moisture Equipment: www.soilmoisture.com

a TP, thermocouple psychrometer; TrP, transistor psychrometer; CMP, chilled-mirror psychrometer; FPM, filter paper method; TCS,

thermal conductivity sensor; ECS, electrical conductivity sensor
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Abstract Negative water column and axis translation

techniques are conventionally used experimental tech-

niques for obtaining data to interpret the engineering

behavior of unsaturated soils. The negative or the

hanging water column technique is used as a suction

control method in the low suction range (i.e., 0–30 kPa).

The axis translation technique is used in the suction

range 0 to 500 kPa or higher. This technique is par-

ticularly useful for testing specimens with suction

values greater than 100 kPa avoiding problems asso-

ciated with cavitation. While the axis-translation

technique has been commonly used, the limitations

associated with this technique related to air diffusion,

water volume change and evaporation are not discussed

in greater detail in the literature. This paper highlights

some of the key aspects related to the negative water

column and axis translation technique that are of interest

both to the researchers and practicing engineers.

Keywords Unsaturated soils � Negative water

column technique � Single column technique �

Axis translation technique � Suction measuring

techniques � Limitations

1 Introduction

Several disciplines such as soil science, hydrogeology,

petroleum, agricultural, ceramics especially geotech-

nical and geo-environmental engineering have

contributed towards our present understanding of the

mechanics of unsaturated soils. Significant advance-

ments were made particularly during the last two

decades with respect to the development of the theoret-

ical frameworks, experimental methods and numerical

techniques related to geotechnical and geo-environ-

mental engineering applications. During this period,

four International Conferences on Unsaturated Soils

were also held: Paris (France) in 1995, Beijing (China)

in 1998, Recife (Brazil) in 2002, and Phoenix (USA) in

2006. As a result, we have a better understanding of

the engineering behaviour of unsaturated soils today.

Approximately 20% of the publications of recent years

in geotechnical and geo-environmental journals are

either directly or indirectly related to the research area of

unsaturated soils. In spite of the advances of extending

the mechanics of unsaturated soils into engineering

practice based on experimental methods, there is still a

need to better understand the conventionally used

negative water column and axis translation techniques

that are commonly used in the laboratory testing

techniques.
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2 Background

The successful implementation of Terzaghi’s effective

stress principle for saturated soils in the engineering

practice has led many researchers to attempt to extend

a stress stable variable framework to unsaturated

soils. For example Bishop (1959) modified Terzaghi

effective stress equation with the introduction of a

soil parameter, v (which is a function of degree of

saturation) to interpret the mechanical behaviour of

unsaturated soils. Several researchers during the last

three decades have proposed frameworks for interpret-

ing the engineering behavior of unsaturated soils in

terms of two or more independent stress state variables

over a large suction range (Fredlund and Morgenstern

1977; Toll 1990; Wheeler and Sivakumar 1995).

The research direction in recent years has been

towards understanding the comprehensive behaviour

of unsaturated soils by extending the critical state soil

mechanics concepts (Alonso et al. 1990; Wheeler and

Sivakumar 1995; Maâtouk et al. 1995; Cui and Delage

1996). More recently, Gallipoli et al. (2003), Wheeler

et al. (2003), Tarantino and Tombalato (2005) and

Infante Sedano et al. (2007) have proposed coupling of

hydro-mechanical behaviour of unsaturated soils. The

above research studies were based on experimental

studies in which axis translation technique was mainly

used as a tool for understanding the comprehensive

hydraulic and mechanical behaviour of unsaturated

soils.

In recent years several investigators have also

proposed indirect methods to predict or estimate the

engineering behavior of unsaturated soils. The rela-

tionship between water content and suction which, in

the literature, is referred to as the soil–water charac-

teristic curve (SWCC) or soil–water retention curve

(SWRC) or soil–moisture curve (SMC) has been used

as a tool to predict the flow, shear strength and volume

change behaviour of unsaturated soils (Fredlund and

Rahardjo 1993; Vanapalli et al. 1996; Barbour 1998;

Leong and Rahardjo 1997). The negative water column

technique which was originally introduced by Haines

(1927) and Haines (1930) or axis translation technique

proposed by Hilf (1956) are commonly used tech-

niques to study the hydraulic and the mechanical

behaviour of unsaturated soils.

In this paper, firstly the negative water column

technique and its use in suction control is explained.

Secondly, several details related to the axis translation

technique and its applications are presented. In addi-

tion, the limitations of the axis-translation technique

and the methods that can be used to alleviate some of

these limitations are highlighted. Various parameters

that influence the axis-translation technique such as air

diffusion, water volume change, long term testing and

evaporation are briefly described.

3 Hanging Water Column

Buckingham (1907) was one of the pioneering scien-

tists who measured the relationship between capillary

potential and water content (i.e., SWRC) and expressed

it as a continuous function using hanging water column

(i.e., negative water column) technique. This relation-

ship has been considered as an important milestone

in the history of soil physics and the mechanics of

unsaturated soils (Barbour 1998; Narasimhan 2005).

Buckingham measured the SWRC of different soils

(Fig. 1) using 48-inches-tall soil columns packed into

metal cylinders, which were allowed to come to

equilibrium with a reservoir of water at a fixed

elevation of about 50 mm (2 inches) from the bottom

end of the columns. The upper end of the columns was

closed to prevent evaporation. The gravitational

potential energy within the water at any elevation

above the reference reservoir elevation after attaining

equilibrium conditions was referred to as the capillary

potential. Richards (1928) further simplified and

refined this technique and proposed an experimental

procedure for determining the SWRC using thin

specimens and a water reservoir connected to a vacuum

Fig. 1 Soil–water retention curves for six different soils

obtained from 48-inch columns (modified after Buckingham

1907)
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tank (Fig. 2). A constant water level is maintained in

this technique; however, it is not possible to monitor

water volume changes. In addition, water column

height should be checked and adjusted continuously to

maintain a constant value of suction.

Figure 3a shows the details of Buchner-Haines

funnel apparatus set up. This set up was modified after

Haines (1930) who originally introduced the concept

of hanging water column technique that can be used for

the measurement of the SWRC of coarse-grained soils.

The pressure in the water below the porous plate in this

apparatus can be reduced to subatmospheric levels by

increasing the difference between the elevation of the

specimen and the elevation of the reservoir.

More recently, Sharma and Mohamed (2003) used

the Buchner funnel apparatus (water column) to

investigate contaminants migration in unsaturated/

saturated sand for determining the SWRC. The layout

of the apparatus is shown in Fig. 3b. Typically, in the

Buchner funnel apparatus, specimens are prepared by

pouring sand from a fixed height into the water-filled

funnel by keeping the water level always above the

sand level. The fully saturated specimens are then

subjected to increasing capillary tension (i.e., matric

suction) by lowering the burette to a given height, to

obtain the main drying curve. Similarly, wetting and

scanning curves can be obtained by extending this

technique. The partial re-wetting of the drying curve

by reducing suction and allowing the specimen to

imbibe moisture is defined as the scanning curve.

Figure 4 (Dane and Hopmans 2002) can be used to

illustrate the Haines’ approach in which the matric

suction can be regulated varying the level z1. In

Haines apparatus suction is controlled by means of a

hanging water column technique that uses both

Fig. 2 Richards Apparatus (Richards 1928) (A, Porous plate;

B, aluminum case; C, manometer copper tube connection to

water reservoir E; F, vacuum tank; G, glass tank; and D, H,

rubber connection)

Soil Sample

Soil Sample 

Filter Paper 11m 

Perforated Disk 

Water
Burette Measuring Cylinder

Retreated Wetting 
Fluid

Rubber Tube

Buchner
Funnel

Nonwetting Fluid

Wetting Fluid

End Valve

h
cm

a) b)

Fig. 3 (a) Buchner-Haines funnel apparatus (after Haines 1930); (b) Layout of Buchner Funnel for Obtaining SWRC (from Sharma

and Mohamed 2003)
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vacuum control and hanging column. In the Richards’

technique, matric suction can be regulated controlling

gas pressure Pg. In the combined apparatus, suction

can be regulated either varying the level zl or by

controlling gas pressure Pg.

The maximum suction that can be achieved by the

hanging column techniques is typically limited to 20–

30 kPa due to practical limitations of achieving higher

pressures by adjusting the elevation of the soil

specimen and the water level in the column. In the

hanging column technique, level z1 can be adjusted

with a resolution of 1 mm and hence suction can be

controlled with a resolution of 0.01 kPa. Typically,

the hanging column technique is used for investigat-

ing water retention features of coarse-grained soils

with little fines that drain readily at very low suction

values. This technique should be useful to determine

SWRCs reliably at low suction values and accurately

estimate air entry suction values.

Higher suction values can be attained by ‘‘multiple

columns’’ techniques which are described later in the

paper. On the contrary, the vacuum control technique

permits to directly apply matric suction values in the

range from 0 to 80 kPa but requires more sophisti-

cated devices.

One key difference between the hanging column

and vacuum control method is associated to the process

of air diffusion. Under vacuum control conditions, the

gas pressure Pg (see Fig. 4) is maintained at subatmo-

spheric values. However, the air pressure above the

porous plate is atmospheric and hence air can diffuse

through the drainage system towards the burette. The

diffused air can affect the measurements of the water

volume flowing in or out of the specimen. However, in

the original hanging column technique, the gas

pressure Pg above the water reservoir is maintained

atmospheric and hence there is no problem associated

with air diffusion through the porous plate in the

drainage system.

In the vacuum control method, saturated soil

specimens are placed in contact with water saturated

porous plates or membranes. Matric suction is applied

by reducing pore water pressure while maintaining

pore gas pressure at atmospheric conditions. The

application of matric suction causes water to flow from

the specimen until the equilibrium water content

corresponding to the applied matric suction is reached.

Different methods can be used to verify the equal-

ization of suction. In the Haines’ apparatus (see Fig. 5)

equilibrium is established by monitoring the water

level; the main shortcoming of this method is related to

Fig. 4 Diagram of a classical hanging column apparatus

(modified after Dane and Hopmans 2002)

Fig. 5 Haines’ apparatus
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the burette position which should be continuously

adjusted in order to maintain the distance Dh constant.

It should be noted that evaporation of water can occur

either from the specimen and the porous stone or from

the burette. An additional hanging water column

should be set up without a soil specimen to measure

the evaporation in the system. The information

obtained from this additional hanging water column

would be useful to apply corrections.

Figure 6 shows a simple levelling device that is

useful to keep water flow from the reservoir level

constant at the elevation of the overflow. However,

equilibrium conditions cannot be assessed by measur-

ing water outflow or inflow from the specimen. To

determine suction equilibrium conditions, it is

necessary to periodically remove the specimen from

the apparatus and measure equilibrium water content.

The calculated water content is an average value and

corresponds to one matric suction value. This assump-

tion is reasonable for fine textured soil with a gradual

change in pore size. However, the same assumption

cannot be extended for coarse-grained soils (Dane

et al. 1992). The equilibrium matric suction varies

linearly with elevation and therefore water content

changes along the specimen height. These variations

could be significant in the case of coarse-grained soils

and hence some corrections should be introduced

while measuring the SWRC in the lower suction range

(Liu and Dane 1995a; Liu and Dane 1995b).

A recent ASTM standard (ASTM 2003) assumes

the configuration of hanging column apparatus repre-

sented in Fig. 7. The apparatus consists of a specimen

chamber, an outflow measurement tube, and a suction

supply system. Water volumes flowing in or out of the

specimen during the test are measured using a capillary

tube connected to the outflow end of the specimen

chamber. The other end of this capillary tube is

connected to a vacuum control system consisting of

two reservoirs. The relative elevation of these two

reservoirs is adjusted to maintain subatmospheric

pressures within the water inside the capillary tube.

The capillary tube is disposed horizontally at the same

elevation of the bottom of the soil specimen; therefore

the magnitude of the suction applied can be measured

with a manometer. The main advantage of this version

Fig. 6 Levelling device

Fig. 7 Hanging column

apparatus (ASTM 2003)
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of the hanging column apparatus consists in the fact

that equilibrium is established when the water ceases to

flow in or out of the specimen without the necessity of

continuously adjusting the relative elevation of the

reservoirs in order to maintain a constant applied

suction. The air diffusion towards the capillary tube

however can affect the measurements of the water

volume flowing in or out of the specimen.

Multiple hanging water columns with reduced

heights can be used to achieve suction values

exceeding the limit of 20 to 30 kPa as shown in

Fig. 8. As previously stated, higher suction values can

be reached using a vacuum control system which

consists of a vacuum source and a subatmospheric

pressure regulator. An interesting application of the

vacuum control system to a suction table is described

by Romano et al. (2002). Figure 9 shows an overview

of the suction table connected to the devices for

controlling the applied suctions in the range from

10 kPa to about 40 kPa. A series of constant-head

cylinder (CHC) are used to control the applied

suction. Each constant-head cylinder consists of a

Mariotte clear plastic or glass cylinders (MAT)

forming a bubble tower (BBT). The cylinder has a

two-hole rubber stopper at the top. A bubble tube is

inserted in one hole of the rubber stopper, whereas the

other hole is used to receive a shorter tube for the

connection to the adjacent cylinder and, passing

through a T-shaped connector, to a valve placed on

a panel (PA). The last cylinder in the series is directly

connected to the vacuum pump system (VPS). Air

bubbles escape out of the bubble tube in the last

Mariotte cylinder when the difference between air

pressure in the line connected to the vacuum pump

system (VPS) and the air pressure in the line of the last

bubble tower exceeds the difference between the

water pressure at the base of the bubble tube and the

air pressure above the water in the column. To keep

the release of bubbles to a minimum, it is important to

maintain a constant difference between the air pres-

sures in the two lines connected to the bubble tower.

Different values of constant suctions can be achieved

based on the length of the bubble tube. Applied

suction can be adjusted stepwise by sequentially

operating the valves on the panel (PA). However fine

continuous regulation may be achieved by means of a

subatmospheric regulator inserted into the line con-

necting the bubble towers to the vacuum pump.

More recently, Padilla et al. (2005) provided the

design details of a device that can be used for

Fig. 8 Multiple hanging water column apparatus

SC

SV2

to
VPS bubble towers, BBT

MAT

CHC

MMF2

PA

Fig. 9 Schematic diagram

of a suction table connected

to an high suction system

based on vacuum control

(after Romano et al. 2002)
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measuring SWRCs using relatively thin specimens

which facilitate the correction of air diffusion.

4 Axis Translation Technique

Matric suction in an unsaturated soil specimen is

defined as the difference between the pore-air pressure,

ua, and the pore-water pressure, uw. Typically, in an

unsaturated soil, pore-air pressure is atmospheric (i.e.,

ua = 0) and pore water pressure is negative with

respect to the atmospheric pressure. The axis-transla-

tion technique is conventionally used to determine or

apply matric suction to soil specimens (higher than the

atmospheric pressure, i.e., greater than 100 kPa) in a

laboratory environment without any problems associ-

ated with cavitation (Richards 1931; Hilf 1956). This

technique translates the origin of reference for the

pore-water pressure from standard atmospheric con-

ditions to the final air pressure in the chamber.

Figure 10 shows the principle associated with the

axis-translation technique (Marinho et al. 2008).

4.1 Equipment Details

The equipment used for measuring the matric suction

of an unsaturated soil specimen using the axis

translation technique is conventionally called a null

pressure plate apparatus. A typical null-type pressure

plate assembly is shown in Fig. 11a and the set up of

null-type pressure plate device for measuring matric

suction is shown in Fig. 11b.

The axis-translation technique allows the pore-

water pressure, uw, in an unsaturated soil to be

measured (or controlled) using a ceramic disk with

fine pores (i.e., referred to as the high air-entry disk).

These disks are conventionally used in unsaturated

soil testing in place of porous disks used in saturated

soil testing. The high air-entry disk acts as an

interface that separates air and water phases. The

separation of water and air phases can be achieved

only up to the air-entry value of the disk. The air-

entry value refers to the maximum matric suction to

which the high air-entry disk can be subjected before

free air passes through the disk. The maximum

sustainable difference between the air pressure and

water pressure is a function of the surface tension and

the maximum effective pore size of the ceramic disk

material (Fredlund and Rahardjo 1993; Lu and Likos

2004)

The soil specimen is placed in the stainless steel

pressure chamber (Fig. 11) on top of the high-air entry

disk, which is previously saturated. Several tech-

niques are discussed with respect to the procedures

that can be used for saturating the high-air entry disk

(Fredlund and Rahardjo 1993; Fredlund and Vanapalli

2002). A good contact should be assured between the

soil and the high-air entry disk. As soon as the soil

specimen is placed on the high-air entry disk, the

water in the tube (see Fig. 11b) goes into tension,

which is measured using a pressure gauge (Fig. 11a).

The tendency of the water to go into tension is resisted

by increasing the air pressure in the chamber. A

condition of equilibrium is attained when water in the

specimen does not go into tension (i.e., attains ‘‘null’’

condition). The applied pore-air pressure, ua, is the

matric suction when the pore-water pressure, uw, is set

to zero (i.e., open to atmospheric pressure conditions).

The equilibration time is dependent of the type of soil,

size of specimen and air-entry value of the disk. In

many cases, the equilibration occurs in 3 to 6 h in

20 mm thick compacted specimens (Vanapalli et al.

1999; Fredlund and Vanapalli 2002).

In some cases, pore water extraction tests can also

be conducted using this apparatus by increasing the

air pressure and allowing drainage from the specimen

through the ceramic disk pores. The drainage con-

tinues until the water content of the specimen reaches

equilibrium conditions with the applied matric

suction, which is recorded as the difference between

the water pressure on one side of the disk, which is

Fig. 10 Use of the axis translation technique to avoid

metastable states. (a) atmospheric conditions. (b) axis-transla-

tion (Marinho et al. 2008.)
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often atmospheric, and the pore air pressure on the

other side of the disk (Lu and Likos 2004).

The pore fluid pressures can be controlled indepen-

dently from the ports located at the top and the bottom

of the chamber (Fig. 11). As the axis-translation

chamber should be pressurized with air, the thickness

of chamber wall should be sufficiently thick for safety

purposes. Also, the time between the unsaturated soil

specimen placement and pressurization need be as

short as possible. The axis-translation technique is best

suited for measuring matric suction of unsaturated soil

specimens in which the air phase is continuous. More

details related to the limitations of the axis translation

equipment are detailed in a later section.

The axis translation technique is routinely

extended to different types of equipment for the

Water 
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Spiral 
Grooves

Flushing 
Port

Valve

Water 
Supply 
Line

Stainless 
Steel 
Chamber
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Fig. 11 Axis-translation

equipment (from Power

2005)
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determination of the mechanical properties of unsat-

urated soils such as the shear strength, volume change

and the coefficient of permeability. Several investi-

gators have successfully used this technique over the

last 50 years which paved way for our present

understanding of the mechanics of unsaturated soils

(Matyas and Radhakrishna 1968; Barden et al. 1969;

Fredlund and Morgenstern 1977; and many others

during the last thirty years).

4.2 High-air Entry Stone Placement

Several geotechnical laboratories design special

equipments that are not commercially available for

studying hydraulic and mechanical properties of

unsaturated soils extending axis-translation tech-

nique. One of the common problems with the

design of axis-translation equipment is associated

with the air-leakage. The key source of air leakage is

through the boundaries of the ceramic stones where it

is glued (i.e., epoxied around the edge to form a seal

with the pedestal).

Figure 12 shows the recommended procedure for

effectively gluing the ceramic stone in stages (i.e.,

typically two or three) to reduce the formation of air

bubbles. Each layer needs to harden before the next

layer of glue is placed. A useful guideline is to cure

each layer over night under heat lamp before the next

layer is placed (Power 2005). Any air bubbles formed

in preceding layer should be opened up and filled

with epoxy forming the next layer. Air bubbles, if

any, will reduce the bonding strength between the

ceramic stone and the stainless steel or brass ring

leading to leakage with time.

4.3 Flushing System

There will be some air that can diffuse through the

high air-entry disk when the axis translation tech-

nique is conducted over long periods of time

(Fig. 13). It is essential to remove any air bubbles

that form under the saturated high air-entry disk

preferably using circular groves below the base of the

ceramic stone (Fig. 14). The applied or measured

matric suction value is not reliable if diffused air is

not accounted for. It is therefore important to

incorporate a flushing system to periodically remove

any dissolved air that can appear within the null

pressure plate system during testing.

The important features of the flushing system are:

a pump and dimmer switch, an air trap with stopcock,

and a glass tube to indicate the null position during

testing (see Fig. 15). The pumps are connected to a

common electrical dimmer in order to control the

pumping force and eliminate any cavitation that may

occur during flushing. In the event that air bubbles do

form under the ceramic discs, the pump would be

turned on and the air bubbles would flush into the air

trap.

Air diffusion through the ceramic disk can be

minimised by elevating the water pressure under the

saturated air-entry disk, i.e. by applying a back-water

pressure (Romero 2001; Marinho et al. 2008)Fig. 12 Gluing high-air entry stone (from Power 2005)

Fig. 13 Diffusion of air into the high-air entry disk (from

Villar et al. 2005)

Fig. 14 Flushing diffused air from spiral groove of acrylic

chamber
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4.3.1 Air-trap for the Flushing System

The air bubbles should be removed from the acrylic

base of the equipment and facilitate to flow into the air

trap shown in Fig. 15. It is recommended to use acrylic

base for the axis translation equipment to facilitate the

visualization of air bubbles, if any. Larger air-traps

which allow more room for air bubbles are also

recommended.

4.4 Axis Translation Technique Limitations

In the axis-translation technique, the air pressure, ua,

is higher than the atmospheric pressure and the pore

water pressure, uw, is positive. Such pressures are not

representative of field conditions for unsaturated soils.

Due to the applied air pressure in the axis-translation

technique, air could seep or diffuse through the

ceramic stone as discussed earlier into the drainage

system of the apparatuses. The applied air pressure

will have a significant effect on the measurements of

water exchanges from in and out of the unsaturated

soil specimen. For this reason, the rate of air diffusion

should be measured for each axis-translation appara-

tus. To track changes in specimen water content

throughout the test in which the axis translation

technique is applied, the diffused air volume must be

measured and correction to the pore water volume

change must be made. This task is generally accom-

plished by flushing water (and diffused air) out of the

ceramic disk into a burette, where the air volume

causes change in the water level that can be measured.

In some cases, depending on the rate of application

of the chamber air pressure and the compressibility

characteristics of the soil specimen, it is possible to

temporarily overshoot the actual suction value. In

such a case, the peak should not be interpreted as the

actual suction, nor should the subsequent down turn

of the curve be interpreted as the onset of significant

air diffusion. In other words, great care should be

applied in the interpretation of the results so that

matric suction can be reliably measured using axis

translation technique.

The theory associated with the axis translation

technique is only valid for soils with totally inter-

connected pore-air voids and for soil particles that are

incompressible and only when air–water interphase is

continuous, which is typically observed in specimens

with degree of saturation, S, \ 90%) (Olson and

Langfelder 1965; Bocking and Fredlund 1980).

Validity of the axis-translation technique at very

high degrees of saturation is discussed by Marinho

et al. (2008)

Matric suction in two specimens (say specimens A

and B) can be significantly different from one another

in spite of having the same dry density, total volume

and gravimetric water content. This could be attrib-

uted to the arrangement of the soil particles and the

amount of air bubbles which may be significantly

different from one specimen to the other depending

upon the method of compaction. The water phase can

be discontinuous due to the presence of occluded air

bubbles (for example say, in Specimen A). The

trapped water within the air bubbles may not be

effective and hence water content of Specimen A can

be likely low and hence the suction would be

overestimated compared to a specimen without

occluded air bubbles (say, in specimen B).

The diffusion of air through porous ceramic disks

(i.e., high air-entry disks) also imposes a practical

limit on the duration of the test. To alleviate problems

associated with diffusion it is necessary to either

eliminate diffusion in the drainage system or resort to

periodic air washing of the drainage system at the

bottom of the high air-entry disk.

There are three key processes that are associated

with air diffusion as summarized by Romero (1999)

and Farulla and Ferrari (2005):

(i) The first step is to asses the amount of air

dissolution into the water in the soil pores.

Fig. 15 The important features of the flushing system: the pump

and dimmer switch, the air trap with stopcock, and the glass tube

to indicate the null position during testing (from Power 2005)

42 A. Tarantino et al. (eds.), Laboratory and Field Testing of Unsaturated Soils



Henry’s law can be used as a tool to understand

and calculate the amount of air dissolution.

(ii) The second step is to calculate the dissolved air

diffusion through the pore-water in the ceramic

disk. Fick’s law can be used for calculating the

air diffusion.

(iii) The third step is to asses the air coming out

from the solution in the water drain lines.

In addition, matric suction in soil specimens is also

influenced due to water evaporation originated by the

vapour pressure gradient between the pore voids and

the soil specimen. Some details on these parameters are

presented in later sections on this topic in the paper.

However, detailed discussions are beyond the scope of

this paper. More information on related topics is

available in Romero (1999, 2001) and Oliveira and

Fernando (2006). All of the above details related to the

null pressure plate equipment is also valid for equip-

ment such as modified direct and triaxial shear

equipments and other equipment which use axis

translation technique for the determination of the

unsaturated soil properties.

5 Special Devices or Equipments

Several investigators developed special devices or

equipments to alleviate some of the problems asso-

ciated with diffusion of air while applying axis

translation technique during the measurement of

unsaturated soil properties. The suction and volume

changes of an unsaturated soil specimen cannot be

reliably measured unless diffusion effects are

accounted for. The applied or the measured suction

values may not be reliable if the ceramic stone in the

axis translation equipment is not in a state of fully

saturated condition. There can be loss of continuity

between the liquid phase in the high-air entry disk

(i.e., ceramic stone) with time due to diffusion effects

while measuring the unsaturated soil properties

extending axis-translation technique for a long period

of time (Romero 1999).

The use of bubble pump along with air traps was

originally suggested by Bishop and Donald (1961) for

alleviating some of the problems associated with

diffusion by flushing out the bubbles collected at the

bottom the ceramic disk. Fredlund (1975) suggested

using Diffused air-volume indicators (DAVI) for

measuring the diffused air volume when axis transla-

tion technique is employed. More details related to the

DAVI are available in Fredlund and Rahardjo (1993).

Comprehensive details related to the measurement

of volume changes associated with diffusion using

different types of equipment are available in Romero

(1999) and Vilar et al. (2005).

In recent years several investigators used different

techniques to measure both total volume and air volume

changes associated with unsaturated soil testing and

discussed the merits of methods they investigated

(Adams et al. 1996; Macari et al. 1997; Romero et al.

1997, Ng et al. 2002; Aversa and Nicotera 2002).

Also, more sophisticated equipments are available now

to measure the diffused air volumes in unsaturated

soil specimens when axis translation techniques are

employed. For example, De Gennaro et al. (2002)

suggested a technique for measuring the quantity of air

diffused and then removing it using a double burette

system (Fig. 16).

Lawrence et al. (2005) suggested power pulse

technique for the measurement of air volume diffused

from the specimen through a high air-entry disk into

the measuring system. In this technique, the diffused

air doesn’t necessarily have to be flushed; its volume

simply needs to be measured. By comparing the

changes in water volume reading to the initial

readings for a given pressure (through the determi-

nation of correction factor) it is possible to calculate

the volume of air from Boyle’s law. This is a

promising technique.

Fig. 16 Double Burette System for Measuring Diffused Air

(De Gennaro et al. 2002)
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5.1 Implementing Axis-translation Technique in

Mechanical Testing

A modified ring shear test equipment has been

designed and reliable test data have been obtained

related to the hydraulic and mechanical behavior of

unsaturated soils (Vanapalli et al. 2005; Infante

Sedano et al. 2007). A schematic view of this

equipment is shown in Fig. 17. For the purpose of

the determination of the hydraulic and mechanical

behavior of an unsaturated soil specimen, the cell

should be enclosed in a sealed chamber so that the

specimen can be subjected to a high air pressure for

the application of the axis translation technique. The

key components are the ring shear cell, an air trap,

and an electronic scale for the measurement of water

overflow from the soil specimen (Fig. 18). A pump

forces the water to circulate below the ceramic disks

in the modified ring shear apparatus to flush the air

bubbles that are collected below the base of ceramic

disks. The flushed out air accumulates in the air trap,

where a small bore syringe is used to reset the water

level to a fixed reference mark after flushing. Any

overflow water is collected in a small plastic

container placed on an electronic balance for mea-

suring the mass of water. This technique of flushing

out the air bubbles can be used with the double

burette or any other method using an air trap in

conjunction. More details about the correction for air

diffusion are detailed in the next section.

5.1.1 Correcting for Air Diffusion

Figure 19a illustrates a typical water mass measure-

ment readings versus time curve obtained during a

suction increase stage. Breaks in the curve are

apparent at the time of flushing the air bubbles. With

time, as more air bubbles form, any subsequent

flushing will show other breaks in the curve. There

will be drop in the water mass reading after flushing

which is equal to the actual volume of air removed.

The rate of air infiltration (which includes combined

diffusion and air leakage) is the reduction in the water

mass reading divided over the time interval between

flushing operations (Fig. 19b). If the curve after each

flushing break point is moved upward, as shown in

Fig. 19c, a continuous curve is generated. This

continuous curve corresponds to the condition where

no flushing would have been performed. The curve

tends towards a constant slope, which indicates that

the rate of air infiltration is also constant (Fig. 19c).

This constant rate of air infiltration is now plotted in

Fig. 19d, and is shown as line i). By subtracting the

ordinate of line i) from curve ii), and adding the

magnitude of the initial reading as a constant, the

corrected curve iii) is generated. Curve iii) represents

the best estimate of the readings that would have been

generated had there been no infiltration.

5.1.2 Correcting for Evaporation and Condensation

Even after having applied the corrections for air

infiltration, it is possible that the resulting curve

showing water mass readings over time will not

converge to a horizontal asymptote as would be

expected in an ideal system. This may be due to

evaporation if humidity is lost to a relatively dry air

phase in the pressurized chamber or due to conden-

sation if a saturated air phase transmits humidity to

the soil.
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Pressurized
Chamber
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Fig. 17 (a) Schematic of modified ring shear cell assembly (b)

Base of unsaturated ring shear cell with ceramic disks and

inner confining ring stacks in place (from Infante Sedano 2006)
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Although the air used to pressurize the ring shear

chamber is bubbled through water, it is still possible for

it to be relatively dry for a number of reasons including

leakage in the cell. The dry air could cause the

corrected water mass reading curve to show a down-

ward trend, suggesting evaporation from the specimen

(see curve a in Fig. 20a) Alternatively, if there is no

leakage and the water phase can become saturated

through contact with the bubbling chamber, then there

will be a tendency to transfer moisture to the specimen,

unless the degree of saturation of the air phase is in

equilibrium with the matric suction of the specimen

(Fig. 20b). More details related to this equipment

design are discussed in Infante Sedano (2006).

In addition, details along similar lines related to

soil water evaporation along a wetting path have been
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Fig. 18 Idealized

schematic of the de-airing

system for the modified ring

shear apparatus (modified

after Infante Sedano et al.

2007)
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suggested by Romero (1999) and Vilar et al. (2005)

for tests undertaken using triaxial shear apparatus.

Several new equipments are now available that can

be used to address challenges associated with unsat-

urated soils testing (Padilla et al. 2006; Hoyos et al.

2006). In years to come it is likely that we will have

more reliable experimental data that can be useful for

developing rigorous constitutive models for unsatu-

rated materials.

6 Summary

Significant advancements were made during the last

two decades related to our present understanding of

the mechanics of unsaturated soils using experimental

methods. This paper provides a summary of the two

techniques which are commonly employed in the

testing of the hydraulic and mechanical behavior of

unsaturated soils (i.e., negative water column and

axis translation techniques). All aspects related to the

testing procedures and other details could not be

summarized in greater detail due to space limitations.

However, an attempt was made to provide several of

the key references that would be useful in providing

the remainder of the details.
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Abstract The vapour equilibrium method and

osmotic technique have gained widespread accep-

tance as reliable methods for controlling relative

humidity and thereby suction in soil specimens. The

ability to impose suction on soil specimens allows for

drying and wetting stress paths to be imposed to

evaluate resulting changes in strength, deformation

and flow characteristics. The two methods presented

and discussed in this paper have been adapted for use

with a number of traditional laboratory tests includ-

ing the oedometer, direct shear and triaxial tests. This

report provides a summary of some recent develop-

ments and knowledge regarding the use of these

techniques highlighting the limitations and draw-

backs of the methods.

Keywords Laboratory tests � Unsaturated soil �
Suction � Osmotic method � Vapour equilibrium

1 Introduction

With increasing attention regarding the development

of analytical and design tools for unsaturated soils the

need for reliable suction control and measurement

techniques has attracted significant research attention

around the world. This report provides a summary of

some key recent developments in the application of

the vapour equilibrium method and the osmotic

method for applying suctions to soil specimens in

laboratory testing.

Soil suction is defined by Richards (1974) as the

water potential in a soil-water system. Richards

(1974) lists three components of suction in unsatu-

rated soils, namely capillarity, adsorption of water on

the surface of the clay minerals, and osmotic

phenomena. Only two components of total suction

are generally considered for engineering studies, the

matric and osmotic components. Matric suction is

generated by capillarity and the osmotic suction is

generated by pore fluid chemistry and water adsorp-

tion (Fredlund and Rahardjo 1993). Matric suction is

generally considered to be the dominant component

of total suction in non-plastic cohesionless soils with

a relatively pure pore fluid. Osmotic suction can be

appreciable in high plastic clays that have high

activity due to the clay mineralogy or in cases where

the pore fluid activity is high due to the presence of

dissolved salts. Osmotic suction is generally assumed

to be insensitive to changes in water content as long

as the pore fluid chemistry remains constant.
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However, this is not always true. In cases with active

clay minerals, the water adsorption can be strongly

dependent on the distance between the clay sheets

and therefore the water content. As a general

approach changes in total suction in unsaturated soils

can generally be attributed to changes in the matric

suction component (Fredlund and Rahardjo 1993).

The total suction is then written as:

w ¼ ðua � uwÞ þ p ð1Þ

where the matric suction is given by (ua - uw) and

the osmotic suction is given by p. The total suction of

a soil (w) is related to the relative humidity by

Kelvin’s law (Fredlund and Rahardjo 1993) as shown

in Eq. 2

w ¼ �R � T
Mwð1=qwÞ

� lnðRHÞ ð2Þ

where R is the universal gas constant (8.31432 J/mol

K), T is the absolute measured temperature in degrees

Kelvin, Mw is the molecular weight of water

(18.016 kg/kmol), qw is the unit weight of water in

kg/m3 as a function of T, and RH is the measured

relative humidity (partial pressure of porewater vapor

in the specimen divided by the saturation pressure of

water vapor over a flat surface of water at the same

temperature).

2 Controlled Suction

As shown in the formulation, soil suction can be

controlled by creating controlled relative humidity

conditions. Two established methods of controlling

suction in soil specimens are discussed in this paper.

The first method is the vapour equilibrium method and

the second is the osmotic technique. It is important to

note that the vapour equilibrium technique controls

total suction whereas the osmotic technique controls

matric suction. This distinction will be discussed in

further detail in a later section. Both of the methods

discussed apply suctions but do not provide direct

measurements of the suction applied.

2.1 Vapour Equilibrium Technique (VET)

As shown in the formulation, environments of constant

suction can be created in sealed containers using the

osmotic potential of chemical solutions. This tech-

nique is commonly referred to as the vapour

equilibrium technique (Tessier 1984; Delage et al.

1998; Romero 1999; Delage and Cui 2000; Villar

2000; Tang and Cui 2005). Figure 1 shows an example

of a glass desiccator with a porous disk over the

solution which suspends soil specimens in the vapour

environment above the chemical solutions. A net water

exchange between the liquid and vapour phases occurs

in the desiccator headspace until equilibrium between

the two phases is achieved. The partial vapour pressure

resulting due to the environment in the desiccator is

directly a function of the concentration of the solution.

Partial vapour pressures of common chemical systems

can be found in Stokes and Robinson (1948) and

Young (1967). Suctions are produced in soil specimens

by the water exchange between the specimen and the

vapour in the headspace of a desiccator.

Application of suction using sealed glass contain-

ers with soil specimens suspended over binary salt

solutions is common (Kanno and Wakamatsu 1993:

Delage et al. 1998; Saiyouri et al. 2000; Tang et al.

1998; Romero et al. 2001; Leong and Rahardjo

2002). The technique has also been applied to

modified testing apparatus to control suction during

traditional laboratory testing.

Generally there are two types of osmotic solutions

that are used to generate constant suction conditions.

The first type of solution is to use saturated salt

solutions and the second type is to use unsaturated

acid solutions. The saturated salt solutions provide

the benefit that the concentration of the osmotic

solution does not change as water exchange takes

place between specimens and the vapour environ-

ment. The limitation of using salt solutions is that the

Fig. 1 Soil specimens in constant suction environment (after

Tang et al. 1998)
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control of suction is limited for each specific type of

salt based on the properties and purity of the specific

chemical component. Mixtures of sodium chloride

and potassium chloride are often used to achieve

desired target suction values. The salt solutions are

also generally limited to a lower range of suction

values (0–10 MPa range). A range of salt solutions

and the relative humidity levels that can be generated

using them are available in many published works

(e.g. Tang and Cui 2005) and chemistry handbooks

(Bruno and Svoronos 2003). The second type of

solution is generated using unsaturated acid solutions.

The benefit of the acid solutions is that much higher

suctions can be imposed and suction set points can be

established much easier by careful control of the

concentration of the solution. The drawback of using

this approach is that the concentration of the osmotic

solution changes during the water exchange thereby

altering the target suction value. This becomes even

more difficult when applying higher suction values

(above 150 MPa) where the relationship between

acid concentration and relative humidity is highly

non-linear and small changes in the concentration can

have a dramatic impact on the applied suction. A

correction can be applied by assuming that water loss

or uptake by the soil specimen is added or removed

from the osmotic solution in the constant mass

environment. Once the specimen has reached equi-

librium the change in concentration can be calculated

and therefore the equilibrium suction can be estab-

lished. Another approach that can be used to alleviate

large changes in suction over the equilibration period

is to ensure that the volume of osmotic solution is

very large relative to the anticipated addition or loss

of water from the specimens.

There are a few important considerations that are

common to both types of osmotic solutions used in

the vapour equilibrium method. The first consider-

ation is that long time periods are required to achieve

equilibrium conditions due to the diffusion process

that controls transfer of water vapour between the

specimens and the vapour in the desiccator head-

space. For example, for fine-grained two inch triaxial

specimens, equilibrium times are in the range of 30–

50 days (Tang et al. 1998). The second important

consideration for this method of suction control is the

requirement for strict control of temperatures (Tang

and Cui 2005). Small variations in temperature can

dramatically impact the applied suction. Usually

water baths are used to house the glass containers

to minimize temperature variation due to advective

air flow and convection cells in laboratory environ-

ments. Correction equations have also been

developed to deal with temperature changes during

testing (Romero 1999). One final consideration is the

accuracy of relative humidity control in the low

suction range. Due to the non-linearity of the

relationship between suction and relative humidity,

small variations in relative humidity at low suctions

can lead to large errors in the actual applied suction.

Typical errors that can be introduced during mixing

of the solution include losses of water component due

to evaporation, losses in the mixing and scale

calibration errors. Agus and Schanz (2005) and

Oldecop and Alonso (2004) show the error accumu-

lation that can occur at low suctions (and therefore

high relative humidity) due to small errors in

measurement of constituent materials in the solution.

Figure 2 taken from Agus and Schanz (2005) shows

the error with an assumed 0.5% error in the relative

humidity applied.

Many applications where the vapour equilibrium

method is used for controlling suction use a separate

independent sensor device (tensiometer, psychrome-

ter, etc.) to verify that the target suctions are achieved

within the specimen at equilibrium.

2.2 Osmotic Technique

The osmotic technique was initially developed by

biologists (Lagerwerff et al. 1961) and later adopted

by soil scientists (Zur 1966). It was introduced in

geotechnical engineering by Kassiff and Benshalom
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(1971). In this technique losses or uptakes of water

are caused by the process of osmosis. The soil

specimen is placed in contact with a semi-permeable

membrane behind which an aqueous solution of large

sized polyethyleneglycol (PEG) molecules are circu-

lated. Since water molecules can cross the membrane

whereas PEG molecules cannot, an osmotic suction

that increases with the PEG concentration is applied

to the soil through the semi-permeable membrane.

Since water transfer takes place in the liquid phase

and ions can cross the semi-permeable membrane

freely, the osmotic technique controls the matric

suction of a soil and not the osmotic suction.

The relationship between osmotic pressure and

PEG concentration is well known for two molecular

weights (PEG 6,000 and 20,000). Williams and

Shaykewich (1969) found acceptable agreement

between different calibrations performed by various

authors either by direct pressure measurement or by

controlling the relative humidity induced by PEG

solutions. The suction covered ranges from 0 to

1.5 MPa. More recently, Delage et al. (1998)

extended this calibration up to 10 MPa as shown in

Fig. 3. It is observed that the calibration is indepen-

dent of the molecular weight of the PEG: similar

relationships are obtained for PEG 1,500, 4,000,

6,000 and 20,000. Obviously, higher suctions can be

obtained by using smaller sized PEG molecules.

However, use of small weight PEG necessarily

implies use of small molecular weight cut-off with

semi-permeable membranes; therefore water flow is

reduced by the low permeability of the semi-

permeable membrane, and the test duration is

increased. Thus in practice it is important to use

larger weight PEG when desired suction allow it.

Waldron and Manbeian (1970) measured the

suctions generated by PEG solutions using a null

type osmometer. Their results showed some differ-

ence with respect to the above calibration data. This

difference was confirmed by direct suction measure-

ment carried out by Dineen and Burland (1995).

These authors suspected that a membrane effect

could modify the calibration data by reducing the

applied suction. This effect was further analyzed by

Slatter et al. (2000).

The main advantage of the osmotic technique is its

ease in reaching high suctions in a safe manner. In

addition, it applies a direct water potential to liquid

water as opposed to the axis translation technique,

therefore it is particularly well suited to high water

content samples. The main disadvantage is the

weakness of the membrane and its sensitivity to

microbial attack. It is necessary to add some drops of

penicillin in the solution before use to prevent from

bacteria.

The osmotic technique can be easily used to

impose a suction value to a soil specimen under null

stress. The soil sample is placed in a tube-shaped

semi-permeable membrane and immersed in a PEG

solution (Fig. 4) which is stirred by a magnetic stirrer

to maintain its homogeneity (Cui and Delage 1996)

(Figs. 5, 6).

3 Application in Traditional Laboratory Tests

The vapour equilibrium method and osmotic tech-

nique have been adapted for use in controlling

suctions in traditional tests to establish the mechan-

ical properties of unsaturated materials under various

stress paths and initial conditions. There has been

considerable work by independent groups that have

resulted in similar systems and approaches all with

their own specific benefits and limitations generally

suited to the specific soil type or application being

examined. The following sections give a summary of

a limited selection of more recent applications where

the vapour equilibrium technique and the osmotic

method have been implemented in mechanical testing

to apply target suctions during testing. The discussion

is by no means meant to be exhaustive but is intended
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to give a report on some examples of how the method

is currently being utilized.

3.1 Oedometer Test

Oedometers have been utilized by many research groups

to examine the impact of suction on compressibility

and the swelling properties of highly plastic unsaturated

clays subjected to wetting conditions. Some of the

earlier work included Jenning and Burland (1962),

Matyas and Radhakrishna (1968) and Fredlund and

Morgenstern (1977). In many of the original works

specimens were placed in the oedometer in an unsatu-

rated state and the behaviour of specimens following

inundation with water was observed to examine the

swelling characteristics. In tests where wetting was

applied by liquid phase water, the suction was not

directly controlled except to say that the end point was

known to give zero matric suction. Early work by

Escario (1969) and Escario and Sáez (1986) incorpo-

rated the pressure membrane apparatus directly in

testing to control the suction level. More recently

Belanteur et al. (1997), Villar (1999) and Cuisinier and

Masrouri (2004) have provided further improvements to

the testing methodology. However the equilibrium

times were still relatively long (Tang and Cui 2005).

Cui et al. (2002), Lloret et al. (2003) and Marcial (2003)

improved the equilibrium times by introducing active

systems to circulate the headspace vapour around

specimens to accelerate equilibrium. In many cases

the times were reduced from a few weeks to just under

one week.

The application has generally included a closed

mass circulation system where the vapour at target

suction is circulated through the pedestal base porous

stone and vapour exchange takes place between the

specimen and the circulating air. The second

Fig. 4 Use of osmotic technique to impose a suction (after Cui

and Delage 1996)

Fig. 5 Oedometer with

controlled suction (after

Esteban 1990)
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approach is to enclose the entire oedometer apparatus

(or the cell that houses the specimen) inside a

chamber with relative humidity control. Both appli-

cations face the general limitations and drawbacks

discussed previously.

Esteban (1990) showed an excellent example of an

oedometer with suction control. The method of

circulating the vapour through the porous stones

provided decreased equilibration times.

Cuisinier and Masrouri (2004) showed an example

of an oedometer with suction control provided by

placing the oedometer cell entirely in a controlled

suction environment. Cuisinier and Masrouri (2004)

also provided a discussion regarding issues of uncer-

tainty of the actual applied suction using the VET

method.

More recently Hoffman et al. (2005) have com-

bined methods of suction control to create a hybrid

oedometer apparatus that has the ability to alter the

applied suction method based on the desired suction

range. This allows for the method of suction appli-

cation to be optimized based on the specific desired

suction levels for the tests. The results reported show

consistent results and demonstrate the value of this

unique approach. The combined oedometer apparatus

is shown in Fig. 7.

The osmotic technique was adapted to oedometer

tests by Kassiff and Ben Shalom (1971). Figure 8

presents the system of Kassiff and Ben Shalom

(1971) improved by Delage et al. (1992). Compared

to the initial adaptation, a system allowing PEG

circulation inside a closed circuit was added. Con-

centric grooves are machined in the base pedestal and
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top piston for the solution circulation. A thin sieve

mesh is placed over the grooves and covered by the

semi-permeable membrane, which is glued with an

epoxy resin (it can be also clamped between the ring

and base pedestal). A capillary tube placed in the

closed bottle that contains the solution allows mon-

itoring of water exchanges during the tests. Any

liquid level elevation change would mean a water

exchange with the soil sample. This system for water

volume monitoring is obviously affected by temper-

ature conditions.

It is important to carry out the test in a room with

strict temperature control (Tang and Cui 2005). As a

general rule, temperature fluctuations should be

controlled within +/-0.1�C to minimize temperature

effects. An alternative method of controlling water

exchanges by placing the bottle on a balance has been

proposed by Dineen and Burland (1995). In this case

the temperature influence is totally avoided which is a

considerable benefit to the testing methodology.

3.2 Direct Shear Test

Early efforts to control suction in the direct shear test

were developed by Escario (1980) using the pressure

membrane apparatus. Apart from the testing by

Escario (1980) little if any evidence could be found

regarding the application of the vapour equilibrium

method for direct shear testing following the earlier

work until recently. Several authors have used the

vapour equilibrium technique (as well as air-drying

which is a simplified form) to generate initial suctions

that are then assumed to act on the failure plane in

subsequent direct shear testing (Vanapalli and Lane

2002; Cokca et al. 2004) but few use the two methods

discussed for active control.

The one exception that has been presented is a

comprehensive apparatus the both controls and

measures the suction independently. Boso et al.

(2005) developed an osmotic shear box (Fig. 9) in

which the problem related to evaporation is overcome

using silicone grease. The PEG solution reservoir was

composed of a 3 mm thick porous plate placed 1 mm

higher than the bottom of the reservoir. A 4 mm thick

steel plate was designed to clamp the membrane. Two

tensiometers were installed on the loading pad for

suction measurement. This apparatus shows consid-

erable potential due to it’s independent control and

measurement of suction.

3.3 Triaxial Shear Strength Tests

The limitations of the oedometer test and direct shear

test in terms of stress path control led to the desire to

implement suction control in the triaxial apparatus.

Early work focused on the use of axis translation

(Fredlund and Rahardjo 1993) which was well suited

to the triaxial device but was limited to a lower range

of matric suction values. In cases where the exam-

ination of high plastic clays was of interest, higher

suction control was required and again the vapour

equilibrium technique and osmotic method were

employed to achieve higher suction levels.

Recent developments incorporated closed circula-

tion systems where vapour in a container headspace

was circulated through the pedestal base (Cunning-

ham et al. 2003; Nishimura and Fredlund 2003) and

at times along the length of the specimens (Blatz and

Graham 2003).

Cunningham et al. (2003) circulated air from the

laboratory through the pedestal base of the triaxial

cell and verified the application of suction with

independent suction probes. The drying air was at

ambient conditions from the lab which did not

impose a set end point suction value. As such the

drying process was non-uniform with maximum

drying at the edge of specimens and minimum at

Fig. 8 Osmotic oedometer (after Kassiff and Ben Shalom

1971; Delage et al. 1992; Delage 2002)
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the center of specimens. When the drying air was shut

off, specimens were allowed to equilibrate so some

hysteresis in specimens would be expected before

reaching equilibrium.

Blatz and Graham (2000) used a closed system

with a target suction applied in a glass desiccator

connected with a sealed circulation system. Figure 10

shows a schematic of the apparatus.

As with Cunningham et al. (2003) the suction was

applied using vapour exchange and verified with an

independent sensor that ensured that suction reached

equilibrium within specimens. Vapour circulation was

aided through the addition of non-woven geotextile

strips along the length of specimens. The connection in

the circulation system was the overlap of the geotextile

strips with the top and bottom porous stone.

A more recent modification has been presented by

Nishimura and Fredlund (2003) which utilizes the

control of relative humidity using an air regulator and

air bubbler system (Fig. 11). The importance of

independent assessment of applied suction is

achieved with a relative humidity sensor embedded

in the circulation system; however there is no sensor

in the soil specimen which avoids the issue of any

possible influence of the sensor itself on the mechan-

ical performance of the specimen. Figure 11 shows

the triaxial apparatus developed by Nishimura and

Fredlund (2003).

The osmotic system has been adapted to triaxial

testing by Delage et al. (1987) and Cui and Delage

(1996) (Fig. 12). As in the osmotic oedometer, the

soil specimen is put in contact on both bottom and top

with the semi-permeable membrane, reducing the

drainage length to half of the sample height. The PEG

solution is contained in a closed circuit comprising

the grooved base pedestal, the top grooved cap, a

reservoir and a peristaltic pump. The reservoir is

large enough (more than one liter) to ensure a

relatively constant PEG concentration in spite of

water exchanges between the specimen and the

solution. The graduated capillary tube inserted into

the reservoir is used for monitoring water exchanges.

In order to ensure a constant pore air pressure equal
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to the atmospheric pressure within the sample, an air

vent was machined on the base of the cell. This vent

is connected with an antievaporation system to

neutralize water evaporation from the sample.

In Fig. 12 PEG 20, 000 was used with Spectrapor

4 membrane which has a molecular weight cut-off of

14, 000–16, 000. Volume changes of the sample was

monitored using a cathetometer. A cylindrical glass

tube was mounted around the sample and filled with

slightly colored water. A thin layer of silicon oil was

put above the water in order to avoid any water

evaporation. Volume changes were monitored by

following changes of the air–oil interface level.

3.4 Other Applications

In addition to traditional tests for characterizing the

behaviour of soils, there have been a number of

modifications to other testing apparatus to apply

controlled suction using the vapour equilibrium and

osmotic techniques. A few are described to demon-

strate the flexibility of the methods.

Fig. 11 Triaxial test with

suction control (after

Nishimura and Fredlund

2003)

Fig. 12 Triaxial apparatus

with suction control by

osmotic technique (after

Cui and Delage 1996)
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Villar et al. (2005) have developed a constant

volume cell that is placed in a controlled suction

chamber (using VET) such that water retention

curves for high plastic clay can be determined under

constant volume conditions consistent with in-situ

conditions for a proposed waste repository. Figure

13 shows a cross-section of the cell.

The schematic shows the ports drilled in the steel

cell to provide a pathway for water vapour exchange

between the specimen and the surrounding environ-

ment while maintaining constant suction conditions.

Oldecop and Alonso (2004) used the vapour

equilibrium method to test rockfill materials where

other methods of suction control could not be

practially used due to their limitations. The applica-

tion of the method was adapted to the large size of the

rockfill materials to deal with specific issues encoun-

tered. Figure 14 shows the detailed large scale

oedometer apparatus.

4 Discussion and Conclusions

The vapour equilibrium and osmotic techniques are

well established methods for controlling suction. The

methods apply relative humidity directly to soil

specimens which is consistent with physical condi-

tions experienced by soil in nature. The methods have

been compared in a number of studies and show that

application of the two methods provide reasonably

consistent behaviour.

The methods have been successfully adapted for

use in traditional soil testing including the oedometer,

direct shear and triaxial tests by a number of research

groups worldwide. There are similarities and differ-

ences amongst the many developments that are

generally specific to materials being tested or stress

paths being examined. The discussion of various

apparatus in the preceding sections is by no means

intended to be exhaustive but is intended to give

some recent examples of current developments. The

preceding discussion has also shown some examples

of where the VET and osmotic techniques have been

adapted for non-standard tests to successfully control

suction. Again the discussion of application of VET

and the osmotic tests has been limited due to space

constraints.

The main drawbacks of the VET method are the

long equilibrium time which can be reduced using

circulation systems, the difficulty in applying high

suctions due to the changes in concentration of the

ionic solution and the need for precise control of

temperature to ensure accurate assessment of the

applied suction. In many cases independent sensors

have been used to verify the magnitudes and equil-

ibration of applied suctions. The difficulty of using

the two methods for application at very low suctions

(high relative humidity) has also been outlined. These

considerations are important for assessing if the

method is appropriate for any intended applications

of controlled suction.

The osmotic technique is commonly applied

within the suction range of approximately 0–

10 MPa. It compensates well for the difficulties that

occur when applying the VET method at lower

suctions. It is worth noting again the difficulty that is

encountered with the highly non-linear relationship

between relative humidity and suction which gener-

ates difficulties with precise control of suction at low

suction levels. This is not a phenomena that is

restricted to issues of application of suction, it is

directly dealt with in issues of inferring suction from

measurement of relative humidity to verify suctions

imposed using the VET method. As such, internal

measurement of relative humidity as an attempt to

verify suctions applied using the VET method is not a

sure method to overcome the limitations of

Sample SteelPorous plate

Fig. 13 Schematic layout of the non-deformable cell for the

determination of the retention curve (after Villar et al. 2005)
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uncertainty in preparing solutions at the low suction

spectrum.

The osmotic technique allows liquid water

exchanges between the soil sample and PEG solution;

therefore the equilibrium time is much shorter as

compared to the VET method. When applying a

suction of several hundreds of kilopascals to a silty

soil from slurry state, 4 days are sufficient to reach

equilibrium (Vicol 1990). Very often it is the low

permeability membrane that governs test duration,

and it is important to properly section the PEG

molecular weight and the semi-permeable membrane.

The main drawback of this technique is the weakness

of the semi-permeable membrane. It is strongly

recommended to add penicillin in the PEG solution

before use in order to avoid bacterial attack.

Fig. 14 300 mm large-

scale oedometer with

controlled suction using

VET (after Oldecop and

Alonso 2004)
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Experience has shown that with penicillin (under

standard laboratory conditions) the semi-permeable

membrane can last for up to a month. Moreover it is

necessary to minimize the risk of tear by any traction

on the membrane. There is obviously no risk in

oedometer testing but the risk is appreciable in

triaxial tests because of the shear stress applied. Note

also that for the water exchange monitoring, the

capillary tube system needs strong control of room

temperature, and the use of a balance instead has the

advantage of not being affected by temperature

variations.
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Abstract The state-of-the-art report presented

herein is aimed at documenting, to the largest extent

possible, some of the recent advances in laboratory

testing of unsaturated soils for stress–strain–strength–

stiffness characterization under suction-controlled

isotropic, axisymmetric, and true triaxial stress states.

The report is intended to be neither comprehensive

nor fully inclusive, offering plenty of room for further

discussion on recent refinements and techniques not

yet reported in the literature. The main sections in

this report are devoted to describing current methods

and technologies using cylindrical triaxial systems,

including advances in volume change measurements;

resonant column/torsional shear systems; bender

element-based systems; and suction-controlled test-

ing under true triaxial stress states. Concluding

remarks are included in the last section of the report.

Keywords Axis-translation � Matric suction �
Volume change � Small-strain stiffness �
True triaxial stress state

1 Introduction

The adoption of matric suction, (ua - uw), and the

excess of total stress over air pressure, that is, net

normal stress, (r - ua), as relevant stress state

variables, has facilitated the modelling of key

features of unsaturated soil behaviour via suction-

controlled testing using axis-translation technique. It

is the relative success of this technique that has

prompted researchers in the unsaturated soil disci-

pline to devote countless hours to fine-tuning the

myriad details of the existing testing devices and

keep the focus of their efforts on expanding their

testing capabilities.

The present report is aimed at documenting, to the

largest extent possible, recent advances in laboratory

testing of unsaturated soils to model the mechanics of

their response under suction-controlled isotropic,

axisymmetric and true triaxial stress states. The

report is intended to be neither comprehensive nor

fully inclusive, offering plenty of room for further

discussion on recent refinements and techniques not

yet reported in the literature.

Section 2 is devoted to describing current methods

using cylindrical triaxial systems, including volume

change and stiffness measurements. Section 3 describes
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current methods for measuring small-strain stiffness

using resonant column and bender element based

systems. Section 4 documents recent advances in

suction-controlled testing under true triaxial stress

states. Concluding remarks are included in Sect. 5.

2 Cylindrical Triaxial Systems

2.1 General Considerations

2.1.1 Air-Water Pressure Control

Most triaxial apparatuses reported in the literature

feature an HAE (high-air-entry) ceramic disk at the

bottom pedestal and a coarse porous stone at the top

cap for independent control of pore-water and pore-

air pressures, respectively (Bishop and Donald 1961;

Josa et al. 1987; Sivakumar 1993; Rampino et al.

1999). In recent years, however, double-drainage

systems have been increasingly used for triaxial

testing on low-permeability soils, involving simulta-

neous application of ua and uw at both ends of the

specimen. Each end features a peripheral annular

coarse porous stone and an internal HAE disk (Fig. 1;

Romero 1999; Barrera 2002). Alternatively, uw can

be applied at both ends while ua is applied only at one

end (Sharma 1998). Both techniques yield a signif-

icant reduction in equalization time; however, air

bubbles may be trapped in the middle of the specimen

when two wetting fronts advance in opposite direc-

tion due to a suction reduction at specimen

boundaries. This could be avoided by applying ua at

the middle of the sample and uw at both ends

(Maâtouk 1993); volume change, however, cannot be

measured.

2.1.2 Water Sub-pressure Versus Air Over-pressure

The air over-pressure technique involves inducing a

desired suction by changing uw while ua remains

constant (Barrera 2002). Higher uw can be used when

low suctions are to be applied, which is an advantage

when the target state is close to saturation. Higher uw

also ensures full saturation of drainage lines. The

water sub-pressure technique, on the other hand,

involves a simultaneous change in r and ua, which

may induce instantaneous soil deformation due to

bedding errors. Some researchers, however, do prefer

this technique (Rampino et al. 1999; Vassallo 2003).

The lower the uw, the lower the possibility of leakage

in the water system. Moreover, a lower value of uw

allows investigating a larger (r - ua) range under a

given suction state, facilitating, for instance, a better

definition of the isotropic compression curve during

triaxial testing.

Differences between water sub-pressure and air

over-pressure technique are also discussed by Romero

(2001) and Marinho et al. (Ibid.).

2.1.3 Equalization Stage

During triaxial testing, the r and ua are usually

increased simultaneously under undrained conditions,

after which the desired uw is applied by opening the

drainage line. This procedure is best suited for

continuous air pressure. When occluded air is present

in pore water, the application of r could yield an initial

shrinkage of the specimen. However, as suction is

maintained constant at the specimen boundaries,

stabilization of deformations is eventually observed.

Air diffusion allows for ua stabilization, hence any

significant difference between externally applied ua

and occluded bubble pressure can be reasonably

neglected (Mancuso et al. 2002).

2.1.4 Isotropic Loading Rate

Advantages of continuous loading versus step-load-

ing during isotropic compression have been discussed

by Sivakumar (1993) and Cui and Delage (1996).

According to the latter, soil compressibility is
Fig. 1 Pedestal and top cap of a double-drainage system

(Romero 1999)
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overestimated, and hence yield stresses are underes-

timated, by step-loading, since undesired uw

overpressure is induced by each instantaneous load

increment. The only advantage of step-loading may

lie in the simpler and less costly system involved

(usually manual). A simple empirical way to check if

the chosen stress rate is appropriate is by stopping the

continuous compression and observe whether further

significant changes in volume and water volume still

occur (Rampino 1997; Barrera 2002).

2.1.5 Shearing Rate

Likewise, a suitable way for choosing an appropriate

rate for drained shearing is by stopping the test and

checking for any significant changes in volume and

water volume. Sivakumar (1993) proposed extending

the equation by Bishop and Henkel (1962), for

evaluating the time tf necessary for failure in

saturated soils, using the coefficient of consolidation

of the unsaturated material, that is, tf = (20h2)/

(0.75cv), where h is the maximum drainage path. A

shearing stage carried out all the way to failure can

typically take 1–2 weeks. Suitable constant-water

(undrained) shearing rates, on the other hand, are yet

to be devised. When direct suction measurement is

feasible, e.g. via tensiometers (Tarantino and Mong-

iovı̀ 2003), it is advantageous performing undrained

tests with duration significantly lower than drained

tests.

2.2 Volume Change Measurements

During unsaturated soil testing, compression of air

phase can result in volume changes in addition to

those induced by drainage. Soil volume change

cannot be computed purely on the basis of variation

in water volume, nor can it be measured by using the

same techniques used in conventional saturated soil

testing. Several measurement techniques have been

developed for unsaturated soil volume change, which

can be classified in three broad categories (Laloui

et al. 2006):

2.2.1 Cell Liquid Measurement

In this approach, specimen volume changes are

deduced from volume changes in confining cell

liquid. This requires the cell to be completely filled

with water (or other fluid) and appropriate corrections

for piston intrusion into the cell and for volume

changes of the whole cell. Several problems are often

associated with this method, such as immediate

expansion of cell wall caused by a pressure increase,

Plexiglas creep under constant stress and possible

water leakage. Consequently, measurements must be

corrected at the end for these effects. The advantage

of the cell liquid measurement method is simplicity.

A standard triaxial cell can be used if carefully

calibrated. However, the measurement of the speci-

men volume remains indirect and the accuracy of the

method depends on the quality of the calibration

procedure, the volume capacity and the precision of

the measurements.

Lade (1988) discussed the volume capacity/preci-

sion of volume change devices.

Ideally, numerous calibrations are needed, as

corrections depend on time, stress path and stress

level. Factors that affect the movement of water into

or out of the cell and which must, hence, be taken into

account in volume change measurements have been

listed by Head (1986). Leong et al. (2004) mainly

focused on the effects of stiffness of the pressure cell

and temperature fluctuations.

As the measurement error increases with increas-

ing confining liquid volume, Bishop and Donald

(1961) proposed the addition of an inner cylinder

sealed to the outer cell base (a double cell) to

minimise the liquid volume. To enhance accuracy,

mercury is used as the cell fluid between the inner

cylinder and the specimen. The outer liquid is water,

and the mercury is enclosed in an internal jacket with

the cell pressure applied to both sides of the jacket.

The rise or fall of the mercury vertical level in the

inner cylinder is measured by a cathetometer mea-

suring the movement of a floating stainless ball on the

mercury. Overall volume changes can then be

deduced. The method was widely adopted in

subsequent years. Josa et al. (1987) introduced the

automatic monitoring of mercury level via a metal

ring floating on its surface. Use of mercury, however,

was gradually abandoned for safety reasons.

Cui (1993) and Cui and Delage (1996) made some

improvements by replacing mercury with water and

measuring water levels via high-precision cathetom-

eter based readings. Further improvements to the

inner cylinder technique have been introduced by

Rampino et al. (1999), Toyota et al. (2001), Aversa
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and Nicotera (2002). Ng et al. (2002) no longer

measure the fluid level by a cathetometer but rather

record the differential pressure between the water

inside the open-ended inner cell and the water inside

a reference tube using a high accuracy differential

pressure transducer (Fig. 2).

Some authors minimized the confining liquid by

using double-walled cells (e.g., Wheeler 1988;

Sivakumar 1993). Here, an inner cylinder is sealed

to both the top and the base of the cell. Soil volume

change is inferred from the volume leaving or

entering the inner cell. Most of the possible errors

discussed by Head (1986) can be reduced with this

system.

2.2.2 Direct Air-Volume and Water-Volume

Measurements

In this approach, the soil volumetric changes are

deduced by simple addition of the air and water

volume changes. This technique may be successful as

soon as the gas phase is continuous. Both volume

changes of air and water entering or leaving the pore

spaces are monitored by separating draining pore-

water from pore-air via porous stones and HAE

ceramics, respectively, and then independently mea-

suring each by pressure-volume controllers. The

basic principle consists of an air-volume controller

filled with air instead of water. However, undetect-

able air leakage and diffusion through tubes and

connections must be estimated. Small temperature

and atmospheric pressure changes also affect volume

measurement and must be taken into account. Adams

et al. (1996) evaluated a digital pressure-volume

controller as an air-volume change indicator, includ-

ing effects of temperature, confined volume, and

precompression of the measurement medium. The

controller was shown to perform satisfactorily as air-

volume change measurement device. This technique

of air-water volume measurement also permits mea-

surement of air-volume change simultaneously with

axis-translation implementation. A wide range of test

paths can then be implemented as the air volume/

pressure can be monitored separately.

To minimize the errors from changes in atmo-

spheric pressure and temperature, an improved device

was proposed by Geiser (1999), which is a mixed air

and water controller that allows reduction of air-

volume to the tubing only. Laudahn et al. (2005)

proposed a method for measuring pore-air volume

changes in drained tests under atmospheric condi-

tions. Pore-air excess pressure can be generated

during the test and lead to a misinterpretation of the

measured volume change. To avoid this error, a

U-tube was connected to a GDS volume controller for

pore air. This tube is filled with ethanol and its level

monitored with a photoelectric sensor: any change in

the level is then reversed by an appropriate move-

ment of the piston of the GDS controller; this way,

pore air is maintained at atmospheric pressure.

2.2.3 Direct Measurements on the Specimen

In this category, soil volume change is computed from

the direct measurements of axial and radial specimen

displacements. Three direct measurement approaches

can be devised. A first approach, one commonly used,

involves local displacement sensors attached directly

onto the specimen to measure axial/radial deforma-

tions during the test (e.g., Clayton et al. 1989). Several

technologies have been tested, mainly miniature

LVDTs (Costa-Filho 1982; Klotz and Coop 2002),

and Hall effect transducers (Clayton and Khatrush

1986). Generally, radial displacements are measured

Fig. 2 Volume change measurement by inner cylinder tech-

nique (Ng et al. 2002)
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at one to three discrete points and assumptions are

made as to the shape of the specimens to assess the

volumetric strain. Sensor placing is quite delicate: if

not done correctly, it may lead to experimental errors;

hence this approach is best suited for small deforma-

tion tests, requiring an initially rigid specimen. Such

direct measurements become meaningless as a means

of measuring soil volume change if a shear plane forms

across the specimen.

A second approach involves non-contacting tech-

niques such as lasers (Romero et al. 1997). Laser

sweeping over the entire specimen height allows more

accurate determination of the specimen volume. Radial

deformations on two diametrically opposite sides of the

specimen are measured via non-contact, long-range,

electro-optical lasers mounted outside the chamber

(Fig. 3) This also allows detection of non-uniformities

and localized deformations. The technique requires

costly and sophisticated installation procedures. A

similar technique has been used by Hird and Hajj

(1995): proximity transducers are mounted on a rigid

tube around the sample, providing an output voltage

proportional to the distance of a lightweight conductive

target placed on the specimen. Generally, this type of

transducer is not waterproof and has to be sealed in

housing. As a major drawback, the target must be

aligned with the sensor, which requires extreme care.

A third approach is an alternative direct measure-

ment technique based on image processing (Gachet

et al. 2003). It mainly consists of taking photographs

through the Plexiglas cell during the test and then

analysing the images to obtain specimen profile and

volume. The approach is similar to that of Macari et al.

(1997), except that, in this case, the method used to

correct the magnification effect due to the cell shape

and the different refraction indices (water, Plexiglas,

air) is simpler. Rifaı̈ et al. (2002) reported tests in

which the images were taken using a digital computer

controlled camera fixed at a constant distance from the

cell (Fig. 4). Before testing, calibration is applied to a

false rigid specimen to optimise the accuracy and

correct optical distortions. The specimen is then placed

into the triaxial cell and several photos are taken and

analysed during the test. As with lasers, direct contact

with the specimen is not required, and the soil profile is

measured over its entire height.

Laloui et al. (2006) reported volume change

measurements during shearing of unsaturated sandy

silt at a constant suction of 100 kPa (the air-entry

value of the tested soil was 80 kPa) using both mixed

air/water controller and image processing techniques.

Both techniques showed reasonably good agreement

until the appearance of strain localization (at an axial

strain of approximately 12%; Fig. 5).

Fig. 3 Volume change

measurement by electro-

optical lasers (Romero et al.

1997)
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2.2.4 Triaxial Cell Featuring a Combination of

Various Techniques

The three approaches summarized above may be

combined for more accurate results. Chávez et al.

(2005) introduced a new triaxial cell that enables

volume change measurement of partially saturated

rockfill up to 250 mm diameter and 500 mm high

under controlled-suction conditions (Fig. 6). An inner

chamber allows for global measurements of specimen

volume changes by recording the differential pres-

sures between the water level in the inner chamber

and that of a reference tube using a Differential

Pressure Transducer.

Three internal LVDTs measure global axial dis-

placements of an upper stainless steel loading plate in

contact with the specimen. Local radial instrumenta-

tion is made up of three Diametrical Deformation

Transducers. Local axial displacements are measured

via two Axial Deformation Transducers resting on a

special holder screwed to the external DDTs. These

transducers use strain gauges, following a measuring

principle similar to that of the LDTs (Goto et al.

1991), although the earlier yield linear response over

a larger working range.

3 Resonant Column and Other Bender Element

Based Systems

3.1 Resonant Column Systems

The resonant column device is used to determine

dynamic shear modulus G and damping D of solid or

hollow cylindrical specimens (ASTM 2006). The

specimen’s lower end is rigidly fixed to a rough-

surfaced pedestal while the top end is loaded in

Fig. 4 Volume change measurement by image processing

(Rifaı̈ et al. 2002)
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torsion until attaining its fundamental mode of

torsional vibration, measuring resonant frequency

and amplitude of vibration (Isenhower 1979).

Initially, researchers simply used conventional

devices for saturated soils for the testing of unsatu-

rated soil specimens with no suction control (Au and

Chae 1980; Wu et al. 1985; Quian et al. 1991).

Specimens were first consolidated to a desired cell

pressure before the stiffness measurements were

performed. Subsequently, the specimens were

retrieved and the degree of saturation indirectly

inferred.

Vinale et al. (1999) and Vassallo (2003) reported a

Resonant Column Torsional Shear (RCTS) system,

developed at the University of Naples Federico II

(Italy), to test soil specimens under controlled suction

(Fig. 7). Classical interpretations of shearing stages

require no torsional restraint anywhere along the

specimen height but at the lower base, hence ua and

uw are both applied through the base pedestal while

ensuring a fixed-free condition. The procedure for

inducing suction is similar to that typically followed

in triaxial testing. For silty sand and clayey silt, an

isotropic loading rate of 4 kPa/h was found to be

appropriate to ensure drained (constant suction)

conditions (Vassallo 2003).

Upon equalization of the pore fluids under the

desired value of suction, results in the small-shear

strain amplitude range (\0.0001%) can be considered

drained, i.e. without affecting the constant suction

state. Thus, the measured stiffness can be related to

stress variables (r - ua) and (ua - uw) attained just

before shearing. When the final point of the pre-

established stress path is reached, torque can be

increased up to the maximum allowed by the system

in order to obtain normalized G/Gmax or D/Dmin

versus shear strain c curves.

In this system (Fig. 7), air bubble entrapment in

the upper part of the specimen may be possible.

Vassallo (2003) obtained a branch of the water-

retention curve of a medium plasticity clayey silt with

initial suction of about 140 kPa by using both a

triaxial cell (controlling ua on top and uw at bottom)

and the resonant column cell (controlling both ua and

uw at bottom). Both curves were shown to be

reasonably similar for the 50–400-kPa suction range.

Also, water contents measured along specimen height

at the end of tests showed no significant lack of

homogeneity.

This apparatus also features an inner cylinder for

volume change measurements, similar to that

described in Sect. 2.2.1 for triaxial systems. Water

content changes are measured through a system of

two double-walled burettes connected to a differen-

tial pressure transducer DPT (Fig. 7). An automatic

flushing system, including a peristaltic pump, is used

to flush out diffused air bubbles through the spiroidal

groove in contact with the HAE disk. Fig. 8 shows

RC results obtained at University of Naples Federico

II and reported by Vassallo et al. (2007). Data

pertaining to saturated state are also reported for

comparison purposes.

3.2 Bender Element Based Systems

The critical role of small-strain soil stiffness in the

design of geosystems is now widely accepted. In the

last decade, significant progress has been made on

suction-controlled testing using triaxial systems with

self-contained bender elements (BE). Bender

air supply

electropneumatic 
regulators

electropneumatic 
regulator

valve

double burette (w)

water supply

DPT

u  transducer peristaltic pump
u  transducer

σ  transducer

reference 
burette DPT

w

a

c

pore air pressure
pore water pressure
cell pressure

pressure lines

Fig. 7 Layout of the

suction controlled RCTS

cell (Vassallo 2003)
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elements are protruded into the opposite ends of a

soil specimen. A voltage pulse is applied to the BE

transmitter, which causes it to produce a s-wave.

When the s-wave reaches the other end, distortion

of the BE receiver produces another pulse. The time

difference between the two voltage pulses is

measured and divided by the distance between the

BE tips to give s-wave velocity Vs. Small-strain

shear modulus can then be determined as

G = q(Vs)
2.

One such example was reported by Cabarkapa

et al. (1998) and Cabarkapa and Cuccovillo (2006;

Fig. 9). The triaxial cell features self-contained

bender elements, a full set of internal LVDTs and a

radial strain belt for overall volume change measure-

ments. Results from normally consolidated quartz silt

show that the unsaturated small-strain shear modulus

can be readily obtained by multiplying the saturated

value, corresponding to the same net confinement, by

a factor that only depends on axis-translation induced

suction.

Marinho et al. (1995) reported BE based mea-

surements on statically compacted and undisturbed

specimens of high plasticity soil. Specimens were

gradually dried and, upon equalization, total suction

was estimated via filter paper. Picornell and Nazarian

(1998) performed BE measurements on coarse-

grained and fine-grained reconstituted specimens. In

coarse-grained soil, the bender elements were directly

mounted inside the mould where specimens were

compacted. A progressive drying process was imposed

using a pressure plate extractor and, upon equalization,

Vs was measured. Cho and Santamarina (2001)

developed an aerometric cell in which bender elements

were mounted on its top and bottom platens. The cell

was used to measure stiffness changes induced by a

temperature driven drying process. The lateral shell

was perforated in several points and cotton threads

were installed in each hole to facilitate evaporation and

to facilitate a more homogeneous water content

distribution. Results are reported in terms of shear-

wave velocity Vs versus saturation Sr.

4 True Triaxial Systems

4.1 General Considerations

In geotechnical boundary-value problems involving

partially saturated soils, the accurate prediction of the

stress–strain behavior of soil-structure systems

requires that the soil constitutive relations be valid

for all major stress paths likely to be experienced in

the field. It is in this context that a true triaxial

apparatus, capable of testing specimens along multi-

axial stress paths under controlled suction states,

plays a fundamental role in their complete stress–

strain–strength characterization.
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4.2 True Triaxial with Rigid Loading Plates

Matsuoka et al. (2002) reported a true triaxial

apparatus with three pairs of rigid loading plates in

three orthogonal directions (Fig. 10). A silty soil

specimen of 10-cm side seats between upper and

lower loading plates with remaining four lateral

surfaces covered by latex. Each plate houses a 70-mm

HAE disk (300-kPa entry value) and two 5-mm

coarse stones covered with polyfluorotetraethylene

filters.

Suction in the specimen is attained by inducing

negative pore-water pressures via an external vacuum

based system (Fig. 11). Cubical specimens are com-

pacted in five layers in a separate cubical frame, with

each layer statically compacted 226 times using a

1.2-cm diameter plunger up to a vertical stress of

300 kPa. Ceramic disks in the upper and lower plates

are carefully saturated before testing in a custom-

made cylindrical cell that allows saturation of the

disk while mounted in the loading plate.

After setting the specimen between loading plates,

a 98-kPa isotropic pressure was applied under a

constant negative uw (suction) of 59 kPa. Principal

stresses are applied by stress-controlled loading

method, with the full shearing process divided into

about ten steps until peak failure. A new stress

increment was applied when all of the axial strain

rates reached less than 10-5/min, and the drained

volumetric strain rate reached less than 10-3/h. All

plain-strain shear tests were conducted under drained

conditions (constant uw) adjusting the intermediate r2

and minor r3 principal stresses to meet the require-

ment of absolute intermediate strain less than 0.01%

at a given r1. In this study, true triaxial tests were

conducted along radial stress paths in the p-plane

(constant Lode-angle h). Since normal stresses on the

specimen are applied by three pairs of rigid steel

plates, interference between the loading plates in the

r1 and r2 directions becomes notable when h is large.

Hence, only stress paths with h = 0–30� were

accomplished (Fig. 12a).

In order to calibrate the true triaxial tests, Mats-

uoka et al. (2002) also performed a comparison of

test results for conventional triaxial and true triaxial

tests using same soil and stress conditions, i.e. triaxial

Fig. 10 True triaxial cell

with rigid loading plates

(Matsuoka et al. 2002)

Fig. 11 System for applying negative pore-water pressure

(Matsuoka et al. 2002)
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compression (TC) tests, h = 0�, p = 98 kPa, and

s = 59 kPa. However, the method for controlling

suction in each device was different: negative uw

method (s = -uw, ua = 0) was used during true

triaxial testing while positive ua method (s = ua,

uw = 0) was used during conventional triaxial test-

ing. Stress–strain relationships measured by the two

methods showed reasonably good agreement

(Fig. 12b).

4.3 True Triaxial with Flexible Loading

Membranes

Hoyos and Macari (2001) implemented a mixed-

boundary type of true triaxial apparatus, with a 10-cm

side specimen seated on top of a HAE disk and

between five flexible latex/porexTM membranes on

the remaining sides of the cube (Fig. 13a). The setup

consists basically of a frame (1) that accommodates

five (one top and four lateral) flexible latex/porexTM

(2), and a cubical base piece (3) housing a 5-bar HAE

disk (4). Once the specimen (5) is compacted, the

remaining five walls (6) are assembled to the frame.

Three LVDTs per face (7) monitor soil deformations.

Hydraulic fluid is used to pressurize the specimen.

External pressure is transmitted to hydraulic fluid

through pressure inlet/outlet connections (8) on the

walls. Pore-air pressure ua is applied to the top and

four lateral faces of the specimen via a small cooper

block (9) attached to the flexible membranes with a

threaded stem. External air pressure is applied via

flexible nylon tubing (10). A 5-outlet manifold

distributes the air pressure to the top and lateral

faces simultaneously. Pore-water pressure uw is

applied at the bottom of the specimen via the HAE

disk (4). Water pressure is also applied via nylon

tubing (11). A flushing mechanism (12) is added to

the bottom wall assembly. Tests are entirely com-

puter-driven.

The flexible membranes were prepared using a

GIT-603TE type of latex rubber possessing medium-

to-high tear strength and low stiffness (Fig. 13b). The

edges of the latex were doubled in thickness to

reinforce its tear resistance at these critical bound-

aries. A 3.2-mm thick, 9.65-cm side, coarse flexible

polyethylene (porexTM) sheet, is placed between the

latex and the specimen to uniformly distribute the air

pressure, supplied from the exterior, to the pores of

the soil (Hoyos 1998).

A procedure similar to that suggested by Bishop

and Henkel (1962) to ensure in-place saturation of a

HAE disk, was adapted to the working conditions of

the HAE disk in the modified test cell. After

saturation of the disk, the disk remains covered with

a thin film of water until the first layer of soil is to be

compacted. All cubical specimens are gently com-

pacted in 10 layers of approximately 1-cm thickness

via in-place tamping compaction. Once the specimen

has been fully compacted, the temporary rigid

membranes are removed and the latex/porexTM,

along with the assemblies containing the pore-air-

pressurizing units, is set into place.

Compressibility of the latex/porexTM was found to

be 0.065 cm under a 1 MPa pressure, which was

deducted from total deformations of the specimen.

The interface friction angle between porex and silty

sand was found to be 6.2� from direct shear test. This

results in a relatively low coefficient of friction (l) of

Fig. 12 True triaxial

results: (a) stress paths in

octahedral plane; (b) stress–

strain relationships

(Matsuoka et al. 2002)
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0.11. Maximum pore size of the porexTM is about

130l, considerably smaller than soil’s D10. Testing in

the cell is stress-controlled, hence the adequate

loading rate was empirically assessed. A 10 kPa/h

loading rate (for isotropic loading and shearing), was

found to be appropriate for adequate equalization.

Response of silty sand in the net principal stress plane

for 50, 100 and 200 kPa suctions is shown in Fig. 14.

4.4 Recent Refinements on True Triaxial Systems

The apparatus described above presented some

serious limitations: (1) the steel frame is highly

corrosive, which results in occasional clogging of the

HAE disk, (2) the latex has low durability when

exposed to hydraulic fluid (28–38�C) for an extended

period of time, (3) pore-water temperature cannot be

controlled, delaying equalization, (5) only stress-

controlled testing is allowed, and (6) changes in pore-

air and pore-water volumes cannot be measured.

Hoyos et al. (2005) have recently begun imple-

mentation of a novel true triaxial apparatus aimed at

overcoming all of the above limitations, yielding a

considerably enhanced performance. The working

principle of the new cell is very similar to the one

developed by Hoyos and Macari (2001). However,

both ua and uw are applied simultaneously at the

bottom face of a 3-in (7.6-cm) cubical soil specimen,

while distilled de-aired water is used as pressurizing

fluid against the latex (no porexTM involved).

Pore-air and pore-water pressure are applied at the

bottom of the specimen via a full set of equally
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spaced, 0.75-in (1.9-cm) diameter, 5-bar disks and

coarse porous stones (Fig. 15a). Air and water

pressures are supplied via nylon tubing from a PCP-

5000-UNSAT pressure control panel (from GCTS).

Tests are entirely computer-driven.

The PCP-5000-UNSAT pressure control panel

features pore-water volume (vw) transducer with a

0.01-cc resolution. A photo of the setup is shown in

Fig. 15b. Validation of the axis-translation technique

was reported by Hoyos et al. (2005). On-going

refinements include the incorporation of pore-fluids

temperature control, tip tensiometers and bender

elements.

5 Concluding Remarks

The present state-of-the-art report, which was intended

to be neither comprehensive nor fully inclusive,

concerns some of the recent advances in laboratory

testing of unsaturated soils for stress–strain–strength–

stiffness characterization under suction-controlled

isotropic, axisymmetric, and true triaxial stress states.

Main report sections were devoted to describing

current methods and technologies using cylindrical

triaxial systems, including advances in volume change

measurements; resonant column/torsional shear sys-

tems; bender element-based systems; and suction-

controlled testing under true triaxial stress states. The

following concluding remarks can be drawn from the

recent advances documented herein:

– Considerable improvements in applying axis

translation technique via double-drainage systems

have been reported, which involve simultaneous

control of ua and uw at both ends of the specimen.

Each end features a peripheral annular coarse

stone and an internal HAE disk. This yields a

significant reduction in equalization time;

– Several volume change measurement techniques

have been considered for unsaturated soil spec-

imens. In particular, improvements to the inner

cylinder technique, as well as double-walled cells,

have been highlighted. Other techniques are
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currently being introduced, including local dis-

placement sensors, laser based techniques and

image processing;

– Experimental assessment of the evolution of

dynamic shear modulus and material damping

with respect to shear strain and suction levels is

now possible using resonant column/torsional

shear systems with suction control capabilities;

– Significant progress has been reported on suction-

controlled testing using triaxial systems with self-

contained bender elements. This technique allows

determination of small-strain shear moduli Go at

different suction levels;

– Recent developments of true triaxial apparatuses,

capable of testing specimens along multi-axial

stress paths under controlled suction conditions,

have facilitated the analysis of soil behaviour

along a wide range of simple-to-complex stress–

strain–suction paths not achievable in a conven-

tional cylindrical cell.
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plastique. Ph.D. Thesis, Ecole Nationale des Ponts et

Chaussées, Paris, France

Cui YJ, Delage P (1996) Yielding and plastic behaviour of an

unsaturated compacted silt. Géotechnique 46(2):291–311
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Abstract This paper synthesizes the state-of-the art

of the various laboratory testing techniques presently

available for measuring the water hydraulic constitu-

tive functions of unsaturated soils. Emphasis is on the

laboratory testing techniques for measuring the soil–

water retention curves and the water hydraulic con-

ductivity functions of unsaturated soils. The significant

recent advances in the investigation of the hydraulic

behaviour of unsaturated swelling soils, are also

presented. Comprehensive recent references on each

measurement method are listed and discussed.

Keywords Unsaturated hydraulic conductivity �
Unsaturated soils � Laboratory tests � Swelling

soils � Soil suction

1 Introduction

Reliable measurements and predictions of soil water

retention and unsaturated hydraulic conductivity

functions are essential for solving unsaturated flow

problems. The determination of the soil water

retention curves is also important in modelling the

stress-strain behaviour of unsaturated soils. Recent

papers have shown the importance of hydro-mechan-

ical coupling in unsaturated soil behaviour (Wheeler

et al. 2003; Gallipoli et al. 2003).

Several laboratory testing techniques are now

available to determine the water hydraulic constitutive

functions of unsaturated rigid and deformable (shrink-

ing-swelling) soils. The primary objective of this paper

is to synthesize the present state-of-the art of these

techniques into a form suitable for direct application by

practicing engineers. At the same time the authors have

attempted to identify sufficient references that inter-

ested readers will be able to locate more detailed

information. Because of the substantial amount of

literature published concerning hydraulic testing in

unsaturated soils the review is restricted essentially to

the literature on the laboratory testing techniques for

measuring the soil–water retention and the water

hydraulic conductivity functions of unsaturated soils.

For simplicity, the word ‘‘water’’ corresponds to liquid

water, unless stated otherwise.

In many practical engineering applications of

unsaturated soils the external applied loads will result

in changes of both soil fabric and soil suction. A

change in soil suction causes a change in soil pore

volume which may be important especially at low

degrees of saturation, where the effect of soil suction

on the average soil skeleton becomes comparable to

F. Masrouri (&)

Laboratoire Environnement, Géomécanique & Ouvrages,
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that of total stress, and the change in soil pore volume

should therefore be included in the mass balance

equation governing the problem of seepage (Richards’

equation). In this paper the uncoupled hydraulic tests

are considered and the effect of external loads on the

soil are not taken into account.

2 Soil Water Retention Curves

The constitutive relationship between water content or

degree of saturation and suction is called by many

authors the soil–water ‘‘characteristic’’ curve. However,

the term ‘‘characteristic’’ seems to imply that a unique

relationship can characterise most of the hydraulic and

mechanical behaviour of the unsaturated soil, regardless

of the high dependency of this relationship on the initial

state (void ratio and degree of saturation), fabric,

hydraulic path (wetting or drying), state of stress,

temperature, etc. Therefore, in this paper this relation-

ship is called the soil water retention curve, SWRC.

Figure 1 illustrates the primary boundary SWRC on

drying and wetting conditions. There are infinite

scanning curves between these boundary curves. The

curve that might be obtained by starting at any particular

saturation and either increasing or decreasing saturation

is one of the scanning curves.

The correct determination of the volumetric water

content (or saturation) in the soil requires information

on gravimetric water content and void ratio, but it is

customary to assume that the void ratio is not

changing along the presented SWRC. However, if

there is deformation in the soil structure during the

test, the volume changes should be measured. The

image processing technique has been considered a

viable method for volume change measurements for

unsaturated soils (Gachet et al. 2003).

The total suction of a soil is made up of two

components, the matric suction which includes the

capillary suction and the osmotic suction (or solute

suction). The SWRC relates matric and/or total

suction to volumetric water content or the degree of

saturation. A comprehensive description of the

experimental techniques commonly used for measur-

ing or controlling soil suction can be found in many

references (Fredlund and Rahardjo 1993; Ridley and

Wray 1996; Lu and Likos 2004; Marinho et al. 2008;

Bulut and Leong 2008; Vanapalli et al. 2008; Blatz

et al. 2008). The best technique to determine SWRC

depends on the intended application, available human

and financial resources, and the magnitude of the

suctions that must be established. Table 1 briefly

outlines the commonly applied working principles of

these techniques and their ranges of applicability.

Techniques for measuring matric suction include

tensiometers (Richards and Gardner 1938), electrical/

thermal conductivity sensors and contact filter paper

techniques. High-capacity tensiometers are used to

directly measure negative pore water pressure up to 15

MPa (Ridley and Burland 1993; Tarantino and Mongi-

ovi 2001, 2003). The electrical or thermal conductivity

sensors, known as ‘‘gypsum block’’ sensors, for matric

suction up to 4 MPa, are used to indirectly relate matric

suction to the electrical or thermal conductivity of a

porous medium embedded in a mass of unsaturated soil

(Phene et al. 1971; Fredlund and Wong 1989). The

contact filter paper techniques relies on measuring the

equilibrium gravimetric water content of small filter

papers in direct contact with unsaturated soil specimens

(Gardner 1937; Chandler and Gutierrez 1986; Chandler

et al. 1992, Houston et al. 1994; ASTM 1995).

Marinho and Oliveira (2006) present a procedure for

calibrating the filter paper method and the fundamental
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matters necessary for understanding the method. The

centrifuge method measures centrifuge moisture equiv-

alent reference to matric suction.

The techniques for measuring total suction include

humidity measurement techniques, thermocoupe

psychrometers (Spanner 1951), chilled-mirror hygro-

meters (Gee et al. 1992), and polymeter resistance/

capacitance sensors (Wiederhold 1997), and the non

contact filter paper method (ASTM 1995).

The techniques used for controlling matric suction

in a soil specimen include the pressure plate method,

the soil column method, and the centrifuge method.

The pressure plate method, for matric suction up to

15 MPa, uses porous ceramic stones that allow air

and water pressure to be applied separately (Richards

1941; Hilf 1956; Bocking and Fredlund 1980). The

soil column method is a traditional technique and the

water table in soil column is changed to apply

capillary force to soil. The osmotic technique to

control the matric suction up to 10 MPa uses

polyethylene glycol solutions (Delage et al. 1998;

Cui 1993; Cuisinier and Masrouri 2005). The vapor

equilibrium technique uses salt or acid solutions for

controlling total suction ranging from 3 to 1000 MPa

(Tessier 1984; Romero 1999; Villar 2000; Cuisinier

2002; Tang and Cui 2005).

Figure 2 presents a SWRC obtained on a kaolinite

slurry using various methods by Fleureau et al.

(1993). A good overall agreement is observed

specially in the drying path. The osmotic suction

can probably be neglected for this soil (i.e., matric

and total suction are comparable).

An increased amount of water will be retained at

the same suction in soils containing a larger clay

fraction, and with high plasticity index. Araya and

Paris (1981), Harverkamp and Parlange (1986),

Fredlund (1998), Kamiya and Uno (2000) and Croney

Table 1 Summary of common laboratory techniques for measuring and controlling soil suction

Technique Suction

component

Measure suction

from/control

suction with

Suction

range

(MPa)

Available

suction path

To measure

suction

Tensiometer Matric Negative pore-water

pressure

0–0.1 (1.5)

Electrical/thermal

conductivity sensor

Matric Thermal conductivity 0.01–4

Filter paper Matric/

total

Water content of paper 0.1–3

Psycrometer chilled-mirror

hygrometers,

polymeter resist./capacit. sensors

Total Humidity of vapour 0.1–100

To control suction Pressure plate Matric Air pressure 0.01–1.5 Drying/

wetting

Soil column Matric/

total

Negative water head 0–0.1 Drying

Centrifuge Matric Centrifugal force 0.01–1.5 Drying

Osmotic Matric Osmotic pressure 0–1 Drying/

wetting

Vapour equilibrium Total Salt solution 3–100 Drying/

wetting

Fig. 2 Comparison between various suction controlled tech-

niques (Fleureau et al. 1993)
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and Coleman (1954) presented the differences on the

SWRC between undisturbed and remoulded samples.

It is important that the geotechnical engineers be

aware of the assumptions and limitations of the

experimental techniques used for measuring the

SWRC data. A number of papers have been published

with SWRC data for various soils over a large range of

suctions (Croney and Coleman 1954; Williams et al.

1983; Fleureau et al. 1993; Benson and Gribb 1997;

Barbour 1998; Vanapalli et al. 1999; Bicalho 1999;

Kawai et al. 2000; Romero and Vanuat 2000; Delage

2004; Fredlund 2004, Tang and Cui 2005). However,

more research is still required for fully understanding

the effects of the initial state (void ratio and degree of

saturation), fabric, hydraulic path (wetting or drying),

stress level, and temperature on the SWRC data.

3 Water Hydraulic Conductivity in Unsaturated

Soils

The macroscopic approach based on the generalized

form of Darcy’s law states that the hydraulic flow rate

is linearly proportional to the hydraulic gradient. The

constant of proportionality, commonly termed the

hydraulic conductivity in most disciplines (geotech-

nical engineers often use the term permeability

coefficient), has units of length per time. In saturated

and unsaturated soils, one must be constantly aware

of the effect of many factors such as viscosity and

density of the fluid (both functions of the tempera-

ture), the chemical composition of the soil and fluid

and the geometry and topology of the porous space

(connectivity, interface geometry) that affect the

hydraulic conductivity test results. In unsaturated

soils, it is also very important to take into account the

degree of saturation and history of saturation that

may affect the test results for measuring hydraulic

conductivity.

The water hydraulic conductivity kw of an unsat-

urated soil can be determined using either direct or

indirect techniques. All methods assume the validity

of Darcy’s law, which may not be valid for low

porosities or low hydraulic gradients (Hansbo 1960;

Mitchell and Younger 1966; Matyas 1966). Richards

(1931) and Childs and Collis-George (1950) have

shown that Darcy’s law also applies for the flow of

water through unsaturated soils, but now hydraulic

conductivity is a function of saturation (or pressure

head, hp) and void ratio of the soil. This function is

not unique but depends on whether saturation has

been reached by wetting or drying.

The kw functions of unsaturated soils may be

predicted by using empirical and macroscopic models

(Kozeny 1927; Richards 1931; Averjanov 1950;

Irmay 1954; Gardner 1958) and statistical models

(Childs and Collis-George 1950; Burdine 1953;

Kunze et al. 1968; Green and Corey 1971; Mualem

1976; Fredlund et al. 1994). Statistical models have

been shown to be the most rigorous indirect method

for estimating the kw functions of unsaturated soil

(Leong and Rahardjo 1997), but further investigation

using more experimental data are recommended

(Agus et al. 2003).

Numerous authors used the inverse problem solu-

tion to identify the soil hydraulic functions from

outflow/inflow data and/or pressure/moisture local

measurements obtained from evaporation or infiltra-

tion tests (Zachman et al. 1981, 1982; Dane and

Hruska 1983; Kool et al. 1985; Abu-Hejleh et al.

1993; Wildenschild et al. 1997; Abdallah 1999;

Bicalho 1999; Hwang 2002; Bicalho et al. 2003;

Znidarcic et al. 2004). In this approach the experi-

mental data is viewed as the solution to the initial

value problem for which the governing equation and

the initial and boundary conditions are known, but the

material functions, the parameters in the governing

equations are unknown. Yeh (1986) and McLaughlin

and Townley (1996) provide excellent reviews of the

available numerical methods which have been used

for inverse problem solution. An adequate mathe-

matical representation of the material functions and

the availability of sufficient and precise experimental

data are considered as key conditions for the param-

eter estimation approach. Since the solution to

inverse problem leads often to a highly non linear

optimization problem, Yeh (1986) suggested that its

use should be done with much of caution. The

solution of a well-posed inverse problem should

simultaneously verify identifiability, uniqueness and

stability conditions. Some attempts have been made

in order to use this technique in cases for which

alternative direct methods can not be used: swelling

soils (Garnier et al. 1997; Rolland 2002), heteroge-

neous media (Zhang and Yeh 1997), presence of

macropores (Abdallah 1999).
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3.1 Direct Methods

Direct methods for measuring the kw functions in the

laboratory can be classified according to the flow

mode as steady or unsteady state methods.

3.1.1 Steady State Methods

There are several variations of the steady state

laboratory techniques for measuring unsaturated water

hydraulic conductivity functions and detailed descrip-

tions of these methods are provided in Klute (1972),

Klute and Dirksen (1986), and Dirksen (1991).

In the steady state methods, a constant flow rate or

hydraulic gradient is applied under specified average

water pressure head (hpw). Steady-state is supposed to

occur as soon as the flow rate of the soil specimen is

equal upstream and downstream and/or if a constant

hydraulic gradient is observed through the tested soil

specimen. The experiment can be repeated for

different magnitudes of pressure or water content to

yield a kw–hpw relationship.

Bjerrum and Huder (1957) describe a steady-state

method for the measurement of kw–Sw relationship

wherein back pressure is used for soil specimen

saturation. Their tests were performed in a triaxial

cell. The kw is determined for each increment of pore

pressure. Boyle’s and Henry’s laws are used for

determining the increase in saturation due to the

increase in the back pressure. Corey (1957) proposed

a steady state method of measuring kw–Sw relation-

ships. The technique is an extension of a system

described by Richards (1931) where the pressure is

controlled and the corresponding volumetric flow rate

is measured. The technique is not adequate for very

fine soils with high air-entry pressure values. The

tests conducted in a triaxial cell have the advantage

that the kw functions may be examined under stress-

controlled and simulated in-situ conditions.

A variety of constant flow methods using the flow

pump technique have been developed for measuring

the kw functions of saturated and unsaturated soils

(Olsen 1966; Olsen et al. 1985; Aiban and Znidarcic

1989; Znidarcic et al. 1991; Bicalho et al. 2000; Likos

et al. 2005). The flow pump technique, beside being

faster and having higher resolution than the conven-

tional means of volume change measurement, provides

a continuous steady state water flow in the withdrawal

and infusion modes (Aiban and Znidarcic 1989).

Bicalho et al. (2005) presented a testing technique

for measurement of the relationship between the

relative hydraulic conductivity, kr, and degree of

saturation, Sw, of a quasi-saturated compacted silt, by

using a conventional triaxial cell connected to a flow

pump. Data from the test results are used to validate an

empirical kr–Sw relationship for soils with discontin-

uous air phase. The function fits experimental data very

well over the saturation range studied (occluded air

bubbles). The experimental results suggest that kr

increases sharply when Sw increases from 0.9 to 1 and

it has a very small value (kr & 0.1) while Sw & 0.8, and

that hysteretic effect on the kw–Sw relationship can be

neglected for soils with discontinuous air phase. The

term quasi-saturated soil defines such a soil with

entrapped air. ‘‘Unsaturated’’ here refers to the state in

which soil air is connected to the atmosphere, and soil

water is kept under negative pressure, while quasi-

saturated conditions occur even when the pore water

pressure is positive.

The steady state method may be costly, tedious

and lengthy in low permeability materials. In order to

minimize the long test time required on the traditional

steady state methods, the steady state centrifuge

method, CM, (uses centrifugal force as a fluid driving

force) has been used to measure kw on various porous

media (Nimmo et al. 1987, 1992; Conca and Wright

1992; McCartney and Zorenberg 2005). One disad-

vantage of the CM is the higher initial cost for the

equipment. The CM is only recommended for testing

incompressible soil specimens with a pore structure

insensitive to the state of stress, since a high net

normal stress is applied to the soil specimen by

centrifugation. Caputo and Nimmo (2005) proposed a

new experimental approach called quasi-steady CM

that uses a simple apparatus to establish a quasi-

steady flow of water in unsaturated porous rock

samples. The quasi-steady CM is adaptable to

essentially any centrifuge suitable for hydrogeologic

application over a wide range of sizes and operating

speeds.

3.1.2 Unsteady State Methods

Klute (1972) and Benson and Gribb (1997) provided

detailed descriptions of unsteady state methods of

previous literature relating to the measurements of

unsaturated kw. The unsteady state methods are

usually divided into two primary groups: outflow-
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inflow methods and instantaneous profile methods

(Klute 1972).

The original outflow method for measuring kw–Sw

relationship by using a pressure plate apparatus was

proposed by Gardner (1956). The method consists of

subjecting a soil specimen to small incremental steps in

matric suction and recording the rate of outflow and

total outflow during each step. The method assumes

that during the outflow process the kw is constant, and

the relation between the water content and matric

suction is linear. The chosen steps must be small

enough to meet the considered assumptions but large

enough to provide a measurable volume of outflow.

The SWRC is also obtained from this test by relating

the applied matric suction to the equilibrium water

content for each increment. This method was subse-

quently refined by Miller and Elrick (1958), Rijtema

(1959), Kunze and Kirkham (1962) and others. The

primary advantages of the method are good control on

mass and simplicity of the equipment. However, there

are few reliable and favourable comparisons with other

methods (particularly for fine-grained soils).

There are some unsteady methods based on

simplifying of Richards’ equation to a diffusion

equation using Boltzmann’s transformation (Bruce

and Klute 1956; Whisler et al. 1968; Vachaud 1968).

The direct result of the out-inflow methods is a

diffusivity function. If a kw–Sw function is needed,

the SWRC must be measured independently on other

replicate soil specimens. Simplicity is the primary

advance of these methods. However, there is signif-

icant scatter in the data and ambiguities in

interpreting the data if the soil volume changes

during drying or wetting conditions. In addition, the

state of stress is difficult to control.

The instantaneous profile method, IPM, consists of

inducing transient flow in a long cylindrical sample

of soil and then measuring the resulting water content

and/or pore water pressure profiles at various time

intervals (Richards and Weeks 1953; Bruce and Klute

1956; Watson 1966; Wind 1968; Hamilton et al.

1981; Daniel 1983; Chiu and Shackelford 1998).

Unsaturated kw is computed by using transient

profiles of water content and pore water pressure

head in conjunction with Darcy’s law. The laboratory

method proposed by Wind (1968) is a direct evap-

oration technique that provides estimates of retention

and conductivity curves in the tensiometric range and

is quite easy to use and has been intensively studied

in recent years (Tamari et al. 1993; Simunek et al.

1998). Hamilton et al. (1981) used a one-dimensional

permeameter instrumented with thermocouple psych-

rometers for measuring the water hydraulic

conductivity-suction relationship. They concluded

that the IPM works reasonably well for clay with

30% \ Sw \ 90%, and for sands with Sw \ 50%.

Tensiometers should be used to measure suction

under higher degrees of saturation. Daniel (1983)

described a method of measuring unsaturated kw of a

silty fine sand and a very stiff silty clay using the IPM

with a combination of tensiometers and psychrome-

ters. The method requires about 3–4 weeks per test,

not including calibration of psychrometers and/or

tensiometers (Hamilton et al. 1981; Daniel 1983).

Meerdink et al. (1996) described a testing procedure

where both the pore water pressure profiles (tensi-

ometers and/or thermocouple psychrometers) and the

water content profiles (Time Domain Reflectometry,

Topp et al. 1980) are measured. The cost and

complexity of the tests increase when both pore

water pressure profiles and water content profiles are

measured. The water content profiles might also be

directly measured by using external gamma-ray

attenuation techniques, or resistive measurement

systems. All variations of the IPM are based on the

same theoretical principles, and primarily differ in

the method used to remove or add water, and the

technique of suction or moisture measurements. The

soil should be continuously moistened/dried such that

there is no hysteresis associated with alternately

wetting and drying a soil. The advantages of the IPM

are that the method is convenient, and that a broad

range of the unsaturated water hydraulic conductivity

and the soil water retention functions are obtained

simultaneously provided profiles of pore water

pressure and water content are measured. The IPM

also has some disadvantages, such as the stress state

which is very hard to be controlled during the tests

and the pore air pressure is assumed to be equal to the

atmospheric pressure but if air bubbles become

occluded the assumption may be invalid. Daniel

(1983) reported the possibility of errors when the

saturation is approached (i.e., leakage, pressure may

build up in occluded air bubbles, too low hydraulic

gradients). He recommended an independent mea-

surement of the saturated kw for establishing the

proper kw at high degrees of saturation. Therefore,

there is a need for experimental investigation of how
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the occluded air bubbles in water retention affect the

water hydraulic conductivity.

Benson and Gribb (1997) recommend the thermal

method for measuring kw functions of drier superfi-

cial soils where the state of stress is not of great

concern. The method consists of applying a temper-

ature gradient across an insulated horizontal column

of soil having uniform initial water content. The

thermal method is fairly simple but requires instru-

mentation (e.g. thermal control system). The method

can not be used for measuring kw functions at high

degrees of saturation.

Table 2 presents a summary of common laboratory

direct techniques for measuring kw for rigid soils.

Over the years a number of laboratory testing

techniques have been suggested for direct determina-

tion of kw functions of unsaturated soils but there are

still limited literature and experimental data regarding

the unsaturated hydraulic properties of low permeable

fine-grained soils in a large degree of saturation

domain. There are many questions still to be answered

related to the subject of hydraulic testing of quasi-

saturated soils (soils with entrapped air, in which soil

air is not connected to the atmosphere, and soil water is

kept under positive pressure). And, there is a lack of

studies where the methods have been systematically

compared. Most of the methods yield the kw–Sw (or

hpw) relationship. There is, nevertheless, a great deal of

experimental work yet to be done in studying the kw

functions in unsaturated soils which is undergoing a

change in both structure and degree of saturation

(hydromechanical coupling).

4 Measurement and Prediction of the Hydraulic

Conductivity in Unsaturated Swelling–

Shrinking Soils

In unsaturated swelling–shrinking soils, like clay

soils, water content change results in significant

volume change and drying is associated with high

water content gradients and cracking. The water flow

through these soils is a very complex process. The

laboratory tests, even in the absence of cracks, need

Table 2 Summary of common laboratory direct techniques for measuring kw for rigid soils

Test methods Advantages Disadvantages Relative cost

Steady-state

methods

(SS)

Conventional

constant head

(CCH)

Simplicity,

Can control stress state

Costly, tedious and lengthy in low

permeability materials

Low

Constant flow

(flow pump

technique)

Simplicity

Can control stress state

Faster and higher resolution

than CCH

Yields kw and SWRC

Flow pump required Moderate initial cost

(equipment)

Centrifuge Short time for measuring

low kw

Centrifuge required

Only for dense, stiff soil specimens

High net normal stress

Considerable operator attention

High initial cost

(equipment)

Unsteady-state

methods

(USS)

Outflow-inflow Quicker than SS

Good control on mass

Simplicity (equipment)

Few reliable and favourable

comparisons with other methods

(fine-grained soils)

Low

Instantaneous

profile

Simplicity

Yields kw and SWRC

Good for clays (30% \ Sw \
90%), and for sands

(Sw \ 50%)

Poor mass control

No control on stress state

Possibility of errors when the Sw is

approached

Moderate to high

initial cost

(equipment)

Thermal method Simplicity

Good for low Sw

Lengthy

No control on stress state

Requires SWRC

Moderate

(instrumentation)
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in general heavy and expensive devices. Therefore,

there is a very little data on the impact of soil

swelling on water movement.

In rigid soils, two functions need to be evaluated, the

SWRC and the kw–hpw relationship. In swelling soils,

the so-called shrinkage curve relating the specific

volume of a soil sample to its moisture content must

also be defined. The possibility of hysteresis in these

functions is recognized. Often, the shrinkage curve is

determined in a separate experiment (Kim et al. 1993).

Simultaneous measurements of the three functions

may be obtained experimentally using the dual

gamma-ray system (Angulo 1989).

In swelling soils, the porosity is coupled with the

moisture content and the confining pressure. For

different confining pressures, the porosity and the

degree of saturation are different, therefore the kw–Sw

relationships are also different. The swelling curves of

Tessier (1984), and Tariq and Durnford (1993) showed

that the soil continues to swell well after saturation.

This behaviour can be explained by the double layer

theory. Kirby and Ringrose-Voase (2000) proposed

that the two following conditions should be established

at the same time to consider a swelling soil completely

saturated (i.e., Sw = 100% and hpw = 0).

4.1 Testing Methods

Techniques used for hydraulic testing of non deform-

able soils are not suitable for swelling soils, for at

least two reasons. The first reason comes from the

swelling pressure in constant volume tests. In some

cases, this pressure can be dramatically high, for

example, Imbert and Villar (2006) measured a

swelling pressure of about 3.5 MPa for a compacted

bentonite with a unit mass of 1.6 Mg/m3 in infiltra-

tion tests. This pressure can deform and even damage

the standard testing cells. In free volume change tests,

the swelling rate of these soils changes very quickly

the soil density and because of this property, certain

measurement techniques of moisture appear also

ineffective (e.g. mono gamma ray technique). The

second reason is that the hydraulic conductivity and

the diffusivity of these soils are in general much

lower than for the other soils, this implies to have

longer testing times. Therefore adapted devices, to

impose high hydraulic gradients for example, are

necessary to reduce these infiltration or saturation

times.

4.1.1 Constant Volume

Very often, hydraulic measurements on swelling soils

are carried out in a constant volume cell and

equations proposed for non deformable media are

applied to swelling soils. It is to be noted that from

the rigid wall permeameters in the steady state

regime, only the value of the saturated kw state and

possibly the swelling pressure can be obtained. Acar

and D’Halosy (1987), Mitchell and Madsen (1987)

and Kenney et al. (1992) used a consolidation cell to

measure by falling-head method the kw of swelling

soils. Rhattas (1994) carried out a series of instan-

taneous profile wetting tests on constant volume

cylindrical samples of different compacted clay soils.

He used the Boltzmann’s transformation to obtain the

hydraulic diffusivity and calculated the kw function

using the diffusivity and the SWRC of the soil. This

method based on the study of the water content mass

at fixed times is also used by Fujita et al. (2001). As

several identical samples are needed to carry out the

tests, it is important to be able to prepare them by a

precise compaction method.

4.1.2 Free or Controlled Swelling

For the tests where the soil swelling is completely

free and monitored, some techniques exist but they

still remain rather rare.

In steady state regime Boynton and Daniel (1985)

and Tabani (1999) used a double cell flexible wall

permeameter, with simultaneous pressure imposition

in both cells to eliminate the volume variations of the

internal cell. In this manner, the axial and volumetric

swelling was correctly monitored. Kamon and

Katsumi (2001) noted that the permeameter with

flexible wall (triaxial cell) is the most suitable for

swelling soils. The preferential flow paths along the

walls are totally eliminated, the principal stresses are

controlled and test durations are reduced.

In transient state regime, the kw functions of

swelling soils are generally studied by the IPM (i.e.

Meerdink et al. 1996). During an imbibition or a

desiccation test on a deformable porous medium, two

parameters evolve simultaneously: the bulk density

and the volumetric water content. Garnier et al.

(1997) proposed a simple evaporation experiment to

simultaneously determine all the three soil hydraulic

properties using the inverse method solution (Fig. 3).
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The non-intrusive dual-energy gamma-ray tech-

nique can also be used to measure the local variations

of bulk density and humidity. This method needs

complex installation and is very time consuming

(Angulo 1989; Tabani et al. 2001; Rolland 2002).

Figure 4 presents a schematic view of a dual-energy

gamma-ray system (Rolland et al. 2005).

Rolland et al. (2005) used the dual gamma ray

technique to study the effects of hydromechanical

couplings during imbibition in a swelling compacted

soil. They applied three different types of mechanical

boundary conditions: free, oedometric and fixed

volume.

Bulut et al. (2005) used the testing and analytical

approach proposed by Mitchell (1979) to measure

the diffusion coefficients of some clay soils. They

performed one-dimensional water evaporation exper-

iments to obtain unsaturated soil diffusivity coefficients.

Their approach provides a very simple framework for

experimental measurement of diffusion properties on

an economical and routine basis. However, the most

evident disadvantage of the diffusivity approach is in

neglecting gravitational effects.

4.1.3 Lagrangian or Eulerian?

In general, a given water quantity in the swelling soils

depends not only upon position but upon time as well.

Askar and Jin (2000) specify that neglecting the soil

swelling can lead to large mistakes in the hydraulic

conductivity predictions. Angulo (1989) showed that,

for deformable soils, errors can be made in the

estimation of the hydraulic conductivity by the

traditional equation of Richards’ equation (1931).

The process of transient fluid flow in a swelling

soil, can be described either by the field of velocity

vector or by the paths (trajectories) of the particles of

soil. The former is referred to as the Eulerian

Description (ED) of motion (Prager 1953; Philip

1968), while the latter is referred to as the Lagrangian

Description (LD) of motion (Smiles and Rosenthal

1968; Philip 1968). Kim et al. (1999) reported a

detailed work on simulations using the Eulerian and

Lagrangian descriptive hydraulic conductivities. The

model proposed by Kim et al. (1999) leads to small

differences between the two approaches, but the

Lagrangian method seems to provide slightly better

results (Fig. 5). Nakano et al. (1986) and Angulo

(1989) showed that for swelling soils, finally the two

approaches led to comparable results.

Fig. 3 Apparatus used to determine the hydraulic properties of

a sample of swelling soil under evaporation (Garnier et al.

1997)

Fig. 4 Experimental set-up

for monitoring a swelling

soil during infiltration

(Rolland et al. 2005)
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4.1.4 Indirect Methods

Because of experimental difficulties for direct mea-

surement of the hydraulic conductivity of the

unsaturated deformable porous medium, it is often

estimated using semi-empirical models based on the

saturated hydraulic conductivity and SWRC param-

eters. Meerdink et al. (1996) compared measured

laboratory and field hydraulic conductivity of com-

pacted clays with three different models proposed by:

van Genuchten (1980), Mualem (1978), Brooks-

Corey (1964, 1966) and Fredlund et al. (1994). They

concluded that these models underestimate the

unsaturated hydraulic conductivity in such soils,

because of their inability to capture the complexities

of unsaturated flow in compacted clays.

Parent et al. (2004) proposed an indirect method to

determine the hydraulic conductivity function of a

highly compressible material based on relationships

between saturated hydraulic conductivity and void

ratio and between air-entry value and void ratio.

5 Conclusions

It is important that the geotechnical engineers be

aware of the assumptions and limitations of the

experimental techniques used for measuring the water

hydraulic constitutive functions of unsaturated soils.

More research is still required for fully understanding

the effects of the initial state (void ratio and degree of

saturation), fabric, hydraulic path (wetting or drying),

stress level, and temperature on the SWRC data and

the kw functions of unsaturated soils.

The kw functions of many soils do not follow the

common functional forms and direct measurements of

unsaturated kw functions should always be preferred

over the prediction using the idealized models. Over

the years a number of testing techniques have been

suggested for direct determination of kw functions of

unsaturated soils but there is still limited literature

experimental data regarding the unsaturated hydraulic

properties of low permeability fine-grained soils in a

large degree of saturation domain. There is a lack of

studies where the methods have been systematically

compared. And, there are many questions still to be

answered related to the subject of hydraulic testing of

quasi-saturated soils (soils with entrapped air, in which

soil air is not connected to the atmosphere, and soil

water is kept under positive pressure).

Most of the laboratory methods for measurement

of kw functions yield the relationship between water

hydraulic conductivity and corresponding saturation

(or air and water pressure difference). There is,

nevertheless, a great deal of experimental work yet to

be done in studying the hydraulic conductivity

functions in unsaturated soils which is undergoing a

change in both structure and degree of saturation

(hydromechanical coupling).

Dynamics of moisture movement is extremely

complex in unsaturated swelling–shrinking soils,

where a key conclusion is that we lack information,

in particular in laboratory and also in case studies. A

better knowledge of the soil fabric is necessary to

better understand the hydro-mechanical behaviour of

swelling soils. Therefore, it is difficult to currently

either develop or verify models for water movement

in swelling and cracking soils, and apply them to

practical problems with any confidence. Given the

complexity of theoretical and analytical methods,

rigorous non-linear hysteretic analyses may not

always be justified. The simplified methods in this

domain should be developed.
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Fig. 5 Unsaturated hydraulic conductivities (log kw (log K) -

volumetric water content (h): obtained using Lagrangian and

Eulerian Descriptives (Kim et al. 1999)
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dans les macropores. Thèse de Doctorat, INPL, Nancy,

France

Abu-Hejleh AN, Znidarcic D, Illangasekare TH (1993) Perme-

ability determination for unsaturated soils. Unsaturated

soils. Geotechnical Special Publication No. 39, pp 163–174

Acar YB, D’halosy E (1987) Assessment of pore fluid effects

using flexible wall and consolidation permeameters. In:

Woods RD (ed) Geotechnical practice for waste disposal’

87, specialty conference papers, Ann Arbor, Michigan.

ASCE, Geotechnical Engineering Division. ASCE STP

13:231–245

Agus SS, Leong EC, Schanz T (2003) Assessment of statistical

models for indirect determination of permeability func-

tions from soil–water characteristics curves. Géotechnique
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Thèse de Doctorat, INPL, Nancy, France

Tabani Ph, Masrouri F, Rolland S, Stemmelen D (2001)

Hydromechanical Behaviour of a compacted bentonite-silt

mixture. In: Adachi K, Fukue M (eds) Clay science for

engineering. Rotterdam, Balkema, pp 245–250

Tamari S, Bruckler L, Halbertsmama J, Chadoeuf J (1993) A

simple method for determining soil hydraulic properties in

the laboratory. Soil Sci Soc Am J 57:642–651

Tang AM, Cui YJ (2005) Controlling suction by the vapour

equilibrium technique at different temperatures and its

application in determining the water retention properties

of MX80 clay. Can Geotech J 42:1–10

Tarantino A, Mongiovi L (2001) Experimental procedures and

cavitation mechanisms in tensiometer measurements.

Geotech Geol Eng 19:189–210

Tarantino A, Mongiovi L (2003) Calibration of tensiometer for

direct measurement of matric suction. Géotechnique
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Abstract With the advent of modern microstruc-

tural testing techniques and microstructure based

constitutive models the microstructural characterisa-

tion of soils is gaining prominence. This paper

reviews the history of microstructure investigation in

unsaturated soils and discusses the engineering sig-

nificance of this research to date. After a brief

overview of the main microstructural techniques, the

paper focuses on the evaluation of the current state of

use and the development of two widely used tech-

niques to study the microstructure of partially

saturated soils, namely mercury intrusion porosimetry

and the environmental scanning electron microscopy.

The details of these techniques, their advantages and

limitations, are first covered, followed by the presen-

tation of selected test results. These results highlight

the use of these techniques for understanding different

hydro-mechanical behavioural features observed at

macroscopic scale. Specifically, the paper shows the

use of these techniques to explore the fundamental

properties of water retention characteristics, water

permeability, and micro and macrostructural interac-

tions along different hydro-mechanical paths.

Keywords Microstructure �
Mercury intrusion porosimetry �
Pore size distribution �
Environmental scanning electron microscopy �
Unsaturated soil � Suction

1 Introduction

Micro and mesostructural studies are increasingly

used to improve understanding of the macroscopic

behaviour and physical properties of compacted

and natural soils. Microstructural studies involve

the use of techniques at particle/aggregation scale

(\100 lm) to analyse the arrangement and distribu-

tion of particles, particle assemblies and pores—and

their contacts and connectivity—in different soils

(Collins and McGowan 1974; Delage and Lefebvre

1984; Delage et al. 1996, Al-Rawas and McGown

1999; Mitchell and Soga 2005). Mesostructural scan-

ning techniques using time-domain reflectometry,

near-infrared spectroscopic measurements, electric

impedance tomography, neutron tomography, X-ray

computed tomography, dual-energy gamma-ray tech-

nique, and so on, go a step forward in the analysed

scale (Baker and Allmaras 1990; Fukue et al. 1999;

Borsic et al. 2005; Desrues et al. 2006). However,

much more powerful X-rays provided by synchrotron
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radiation and microfocus X-ray systems have recently

allowed moving a step forward in the analysed

domain and going to micrometric scale, narrowing

the gap between meso and microstructural techniques

(Bésuelle et al. 2006, Takahashi et al. 2006). Recent

applications of these mesostructural techniques in

unsaturated soils have been devoted to the monitoring

of hydro-chemo-mechanical processes (Comina et al.

2008), to the detection of desiccation cracks (Gebre-

negus et al. 2006; Mukunoki et al. 2006), to the

visualisation of diffusion/hydration phenomena and to

the study of fluid movements (Rolland et al. 2003;

Rolland et al. 2005; Van Geet et al. 2005; Rodrı́guez-

Rey et al. 2006; Carminati et al. 2006; Koliji et al.

2006a).

Since the pioneering works of Barden (1973),

Barden et al. (1973), Collins et al. (1973), Tovey

(1973), Tovey et al. (1973), Collins and McGown

(1974), McGown and Collins (1975), Grabowska-

Olszewska (1975) and Osipov and Sokolov (1978a, c)

on the microstructure of natural collapsible and

expansive soils, the increasing use of microstructural

studies have led to improved techniques and their

interpretations. In unsaturated soils, microscopic

examination of the soil structure have traditionally

concentrated on compacted soils, focusing on the

aggregation or matrix structure of different states in the

dynamic compaction curve, as well as on their

relationship with main properties related to engineer-

ing behaviour, such as strength, compressibility and

water permeability (Barden and Sides 1970; Ahmed

et al. 1974; Osipov and Sokolov 1978b; Garcia-

Bengochea et al. 1979; Prapaharan et al. 1985, 1991;

Tessier et al. 1992; Delage et al. 1996; Delage and

Graham 1996). These studies have illustrated that the

microstructure of a given compacted soil is not unique,

and strongly depends on the paths followed to reach a

given point in the compaction plot. Attention have

been also devoted to the microstructure of natural

swelling clays (Tovey et al. 1973; Al-Rawas and

McGown 1999), a topic that has recently gained

increasing consideration within the context of clay-

based engineering barriers for radioactive waste dis-

posal (Wan et al. 1995; Al-Mukhtar et al. 1996;

Saiyouri et al. 1998; Romero et al. 1999; Pusch et al.

1999; Saiyouri et al. 2000; Cui et al. 2002; Pusch and

Yong 2003; Lloret et al. 2004; Saiyouri et al. 2004;

Cuisinier and Masrouri 2005; Delage 2006, 2007;

Delage and Cui 2007).

Understanding soil mechanics at the microscopic

level is particularly pertinent to unsaturated soils—

specifically clay-based materials, whose behaviour is

complicated by the presence of both air and water in

the pore-space. From a fundamental point of view,

measurements and observations at the microstructural

level involving clay units and their aggregations are

very important, since they help in further understand-

ing of higher structural levels, their interactions, the

stability of the arrangements and their consequences

for material properties and behaviour under various

hydro-mechanical stress state conditions. In addition,

these techniques can be used to monitor the changes

undergone by unsaturated materials at aggregate and

aggregate assembly scales, when subjected to com-

plex hydro-mechanical paths. In this way, the

methods are helpful in relating microstructure to

macroscopic behaviour, for example in building up

multi-structure constitutive models with coupling

functions between the different structural levels

(e.g., Alonso et al. 1999; Loret and Khalili 2000;

Alonso et al. 2005; Sánchez et al. 2005).

The paper starts with a review of the literature that

explores the relationship of soil microstructure to

engineering properties, followed by sections describ-

ing techniques specifically aimed at characterising the

microstructure of unsaturated soils. Among the vari-

ous available techniques used to study unsaturated soil

microstructure, mercury intrusion porosimetry (MIP)

and environmental scanning electron microscopy

(ESEM) are given special attention in the report: the

former technique has been very frequently used while

the latter is an emerging technique with great potential

due to minimal sample preparation requirements. As

well as detailed technical descriptions and discussion

of advantages and limitations of each method, the body

of research performed using each technique is

reviewed and discussed. The paper concludes with a

discussion of future research directions.

It is a difficult task to make a representative

selection of the techniques, their use and interpreta-

tion, since it is an experimental subject of interest for

geologists, soil scientists and geotechnical engineers.

In fact, much of the previous work on the microstruc-

ture of fine-grained soils was initiated by soil scientists

and developed by engineering geologists within the

framework of highly sensitive post-glacial clays and

soft soils (Gillott 1970, 1979; Pusch 1970; Delage and

Lefebvre 1984; Bennet et al. 1991). The reader may
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observe that despite the representative selection of

contributions there will be some tendency towards the

works performed by the respective research groups of

the authors. The authors hope that this scientific bias of

the review will be compensated by a more in-depth

knowledge of the main methods presented and their

relation with macroscopic behavioural features.

2 Some Examples of the Relationship between

Microstructure and Engineering Properties

Many macroscopic soil properties are often explained

in terms of microstructural behaviour—distribution

and connectivity of pores; particle size, shape and

distribution, along with the arrangement of grains and

grain contacts, in addition to volumetric and gravi-

metric state variables—void ratio, water content,

degree of saturation—and the stress history—both

mechanical and hydraulic—undergone by the mate-

rial. A classic example is the variation in permeability

of a soil at different compaction water contents; a soil

compacted wet of optimum will exhibit lower

permeability than the same soil compacted to the

same porosity at dry of optimum. The difference was

initially attributed to a change from a flocculated to a

dispersed arrangement of clay particles (Lambe

1958), though more recent studies (Garcia-Bengochea

et al. 1979; Delage et al. 1996) have explained the

change in permeability in terms of the quantity of clay

aggregates brought about by compaction at different

levels of water content. Imaging of clay microstruc-

ture has also been used to explain the inapplicability

of unique correlations between macroscopic parame-

ters and hydraulic conductivity, compressibility, and

shrinkage/swelling behaviour (Djeran-Maigre et al.

1998; Hetzel et al. 1994; Ben Rhaim et al. 1998;

Pusch and Schomburg 1999). These studies illustrated

the importance of the size, shape and arrangement of

clay aggregations, as well as the distribution and

connectivity of pores, on soil behaviour, and how such

aggregations and pores can change during wetting/

drying cycles, separating or combining depending on

a number of factors, including type of clay mineral

and the rate of drying or wetting. In general, the type

and quantity of clay minerals in soils, as well as the

interactions with the pore water in a soil have long

been shown to strongly affect strength, permeability

and compressibility (Marshall 1958).

A common technique to obtain a quantitative

representation of the microstructure of materials with

interconnected porosity is mercury intrusion porosi-

metry, from which it is possible to infer a pore-size

distribution (PSD). The PSD is an essential fabric

element that has been used in geotechnical engineering

applications and correlated with macroscopic proper-

ties, such as its dependency on the type of compaction

for clays (Ahmed et al. 1974; Kong et al. 2005); the

differences between laboratory and field-compacted

soils for equivalent dry density and moulding water

content (Prapaharan et al. 1991; Jommi and Sciotti

2003); the saturated water permeability (Garcia-

Bengochea et al. 1979; Juang and Holtz 1986a, b;

Lapierre et al. 1990); frost-heave properties (Reed

et al. 1979); and qualitatively with macroscopic vol-

ume changes—consolidation—(Delage and Lefebvre

1984; Griffiths and Joshi 1989; Coulon and Bruand

1989; Tessier et al. 1992; Qi et al. 1996). Regarding

unsaturated soils, MIP results have been used to predict

the water retention properties (Prapaharan et al. 1985;

Romero et al. 1999; Aung et al. 2001; Simms and

Yanful 2002, 2005); as well as macroscopic volume

changes due to the effects of mechanical and hydraulic

paths (Al-Mukhtar 1995; Al-Mukhtar et al. 1996; Qi

et al. 1996, Cui et al. 2002; Simms and Yanful 2004;

Cuisinier and Laloui 2004; Lloret et al. 2004; Romero

et al. 2005; Koliji et al. 2006b; Hoffmann et al. 2007).

Observed correlations between the water retention,

volume change, and water permeability in unsaturated

soils with the PSD as measured by MIP are presented in

this report.

Understanding microstructural behaviour in unsat-

urated soils has particular relevance to geotechnical

applications in which soils undergo water content and

volume changes. For instance, in containment struc-

tures for domestic, mine, and nuclear waste, fine-

grained soils are used as barriers to minimise the

escape of contaminants by advection and diffusion.

The performance of these barrier soils depends on

maintaining a low hydraulic conductivity and a

relatively high degree of saturation (to restrict gas

transport). These barriers may undergo wetting/dry-

ing cycles due to environmental conditions or by heat

generation in the waste facilities, which occur from

both domestic and nuclear waste. The integrity of the

barrier soils thus depends on its unsaturated proper-

ties (water and gas permeability), and its propensity

for irreversible volume changes and associated
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cracking. Most of these properties are affected by

microstructural changes.

These barrier soils are expected to perform in

perpetuity or until some distant point in the future.

Therefore it is important to understand their funda-

mental behaviour in order to make any sort of

compelling assessment of their performance. Their

resistance to wet/dry cycles is often evaluated using

unsaturated flow models that solve the mass balance

equations of water (liquid or evaporated in the gas

phase) and air (dry air as gas or dissolved in the liquid

phase), coupled with internal energy balance for the

medium (Wilson et al. 1994; Olivella et al. 1994),

which require the water retention curve and the

unsaturated hydraulic conductivity function. As dis-

cussed below, these two parameters are dependent on

the PSD, which as shown by Simms and Yanful

(2002) in Fig. 1 and others, is affected by suction,

and also by the number of weathering cycles. The

PSD may also be affected by time-dependent pro-

cesses such as creep and chemical reactions such as

oxidation (Zhang et al. 2005) and precipitation or

dissolution of solid phases. Biological processes may

also affect the PSD through clogging.

As an example, consider the role of the hydraulic

conductivity function in the performance of a barrier

soil. This function is usually difficult to measure

directly. It is commonly estimated from the drying

branch of the water retention curve under unstressed

conditions by the so-called statistical methods (Leong

and Rahardjo 1997), most of which assume that the

PSD is constant. This assumption can often lead to

under-prediction of the hydraulic conductivity func-

tion for barrier soils, which may in turn lead to

unconservative design (Simms 2004). The problem is

that the unsaturated hydraulic conductivity of com-

pacted soils is a function of a number of factors and

state variables, and several of them (PSD, degree of

saturation and void ratio) are affected by hydraulic

paths (i.e., suction). To estimate the hydraulic

conductivity on a pore by pore basis through micro-

structural models is a potential route, which requires

the quantitative evaluation of soil microstructure.

3 Methods for Microstructural Characterisation

of Unsaturated Soils

Several common methods used to study the micro-

structural features of unsaturated soils are listed in

Table 1. A difference between saturated and unsatu-

rated soils is that microstructural studies on the former

soils have been mainly focused on the solid phase

characterization—arrangement, distribution and con-

tacts of particles and particle groups. Micromechanics

theories and homogenisation techniques have been

developed aimed at relating this solid phase micro-

structure to the macroscopic behaviour (Mitchell and

Soga 2005). On the other hand, in unsaturated soils

emphasis have been usually placed on the pore

fluids—liquid and gas, which are mainly associated

with the arrangement, distribution and connectivity of
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pores. Pores determine the liquid and gas permeability

properties, as well as the water retention and chemical

transport properties.

Based on the preceding discussion, the authors

propose that the different methods for the micro-

structural characterisation of unsaturated soils should

be adapted to the following requirements:

• The methods should help in the understanding of

macroscopic behavioural features—for example,

water retention, water/air permeability, volume

change behaviour, by guiding in the setting out of

hypotheses and building up constitutive models

for micro and macrostructural interactions.

• The methods should help to qualitatively or

quantitatively relate microstructural observations

or measurements to macroscopic properties—for

example, water retention, water/air permeability,

volume change behaviour.

• The methods should help in the interpretation of

experimental procedures, which involve tests at a

non-measurable scale.

• The methods should help in the detection of non-

uniformity patterns and monitoring of local

Table 1 Methods for microstructural studies in partially saturated soils

Microstructural method Physical property at

microstructural scale

(scale of observation)

Macroscopic behaviour Selected references

N2 adsorption/desorption

isotherms (N2–BJH,

N2–BET)

Methylene blue adsorption

Keeling hygroscopicity

Quantitative technique

Characterisation of voids Pore

size distribution (0.3–300 nm)

Characterisation of solid phase

Specific surface (external/total)

Pore size distribution changes

due to chemo-hydraulic paths

Water retention properties in the

high suction range

Webb and Orr (1997)

Santamarina et al. (2002)

Chiappone et al. (2004)

Fernández and Rivas (2005)

Mercury intrusion

porosimetry

Quantitative technique

Characterisation of voids Pore

size distribution

(7 nm–400 lm)

Characterisation of solid phase

Specific surface (external)

Pore size distribution changes

due to hydro-mechanical paths

Water retention properties in the

low suction range

Unsaturated water permeability

Romero et al. (1999)

Aung et al. (2001)

Simms and Yanful (2001,

2002, 2004)

Cuisinier and Laloui (2004)

Romero et al. (2005)

Kong et al. (2005)

Delage (2006, 2007)

Delage and Cui (2007)

Electron microscope

Environmental ESEM

Scanning SEM

Field emission FESEM

Transmission TEM

Optical microscope

Laser scanning microscope

Qualitative technique

(quantitative with digital

image analysis)

Discern structural levels

Liquid/solid interactions

(ESEM)

Porosity changes due to hydro-

mechanical paths

Tests performed at different

hydraulic conditions

Tovey and Krinsley (1975)

Al-Rawas and McGown (1999)

Pusch (1999)

Romero (1999)

Villar and Lloret (2001)

Cui et al. (2002)

Montes-H (2002)

Montes-H et al. (2003a,b)

Montes-H et al. (2004)

Komine and Ogata (1996,

1999, 2004)

Lloret et al. (2004)

Suzuki et al. (2005)

Viola et al. (2005)

Zhang et al. (2005)

Cuisinier and Masrouri (2005)
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hydraulic, mechanical and chemical phenomena

(tomography).

4 Mercury Intrusion Porosimetry (MIP)

4.1 Background, Advantages and Limitations.

Sample Treatment

In the MIP technique an absolute pressure p is applied

to a non-wetting liquid (mercury) in order to enter the

empty pores. The following Washburn equation

applies (Diamond 1970; Juang and Holtz 1986b;

Webb and Orr 1997) for pores of cylindrical shape and

parallel infinite plates (fissure-like microstructure)

p ¼ � n rHg cos hnw

x
ð1Þ

where rHg is the surface tension of mercury

(rHg = 0.484 N/m at 25�C), hnw the contact angle

between mercury and the pore wall, and x the entrance

or throat pore diameter (n = 4) or the entrance width

between parallel plates (n = 2). The value n = 4 is

often used in MIP. The contact angle, which is very

sensitive to surface roughness, is usually taken

between 139� and 147� for clay minerals (Diamond

1970), although Penumadu and Dean (2000) have

reported higher values with kaolin clay using the

sessile drop technique (advancing angle of 162� and

receding angle 158�).

MIP implicitly assumes a constant contact angle at

equilibrium, whatever the penetration flow conditions

are, and does not check the applicability of Equation

(1), which is an equation for equilibrium state with

null penetration velocity of mercury. In fact, the

contact angle varies as a function of the flow dynamic

conditions—penetration velocity—of the advancing

interface, as shown experimentally by Hoffman

(1975). Aı̈t-Mokhtar et al. (2004) have studied the

validity range of the constancy hypothesis of the

contact angle of a non-wetting liquid during its

penetration in a capillary. They showed, based on

theoretical considerations using Poiseuille flow veloc-

ity, that for a given value of pressure, the contact angle

between the mercury and the capillary wall starts to

change significantly only from a ‘critical’ value of

capillary radius. For this reason, sufficient time must

be let in the pressure rising to allow for the quasi-static

state condition to be reached.

The main limitations of MIP are: (a) isolated pores

enclosed by surrounding solids are not measured—

this enclosed porosity is not significant in soils; (b)

pores that are accessible only through smaller ones

(constricted porosity) are not detected until the

smaller pores are penetrated; (c) the apparatus may

not have the capacity to enter the smallest pores of

the sample (non-intruded porosity); and (d) the

minimum practical pressure of the apparatus limits

the maximum pore size to be detected (non-detected

porosity). In this way, when the clay sample is

intruded by mercury, the intruded void ratio esti-

mated under the maximum applied pressure does not

coincide with the estimated void ratio of the sample.

Differences mainly arise due to the non-intruded

porosity with entrance pore sizes lower than 10 nm

and the non-detectable porosity for pore sizes larger

than 400 lm. In addition, an intrusion (pressure

increase) and extrusion (pressure decrease) cycle

does not close when the initial pressure is restored,

indicating that some mercury has been permanently

entrapped in the constricted porosity. A second

intrusion will follow approximately the same extru-

sion path, thus defining the non-constricted or free

porosity. Delage and Lefebvre (1984) assumed that

the small intra-aggregate pores display a non-con-

stricted or free porosity, while the inter-aggregate

pore space corresponds to the entrapped porosity.

Various theories concerning the cause of MIP

hysteresis and entrapment—dead-end or ink-bottle

shaped pores, throat chains, contact angle hysteresis,

mercury snap-off, sample size phenomena—have

been discussed and examined in detail by Matthews

et al. (1995), Abell et al. (1999), and Moro and Böhni

(2002). Another concern refers to the alteration in the

pore geometry during pressure application. It has

been reported that the soil structure is not affected

during the high-pressure intrusion (Sills et al. 1973;

Lawrence 1978; Reed et al. 1979), due to the fact that

the pore system is mostly filled with incompressible

mercury. However, this cannot be the case during

low-pressure application and before the initial intru-

sion takes place in compressible materials. The

occurrence of substantive initial volume change due

to isotropic compression in clayey samples prior to

intrusion was reported by Penumadu and Dean

(2000), though for some initially compacted clays

the volume change indicated by porosimetry is a

good estimate of the macroscopic volume change
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(Simms and Yanful 2004). Yet another consideration

is the deformation of the sample container, which

may cause an overestimate of the pore volume of the

smaller pores—this deformation can be measured by

running blank samples in the porosimeter (for a

recent example on the degree of error that can result

see Simms and Yanful 2004).

Mercury intrusion is used to find the pore-size

distribution, relating the volume of intruded pores to

the pressure required for intrusion. A typical graph of

the MIP technique includes the log differential

intrusion curve vs. entrance or throat pore size (pore

size density function or frequency distribution, PSD),

which aids the visual detection of the dominant pore

modes. As previously discussed, such a PSD is not

necessarily the true distribution of pores, due to

various issues including pore accessibility and sample

treatment, yet it gives a useful quantitative charac-

terisation of microstructure.

Sample treatment for MIP requires the removal of

water that occupies small pores and prevents the

entry of mercury. Samples can be dehydrated using

air-drying, oven-drying, freeze-drying or critical-

point-drying techniques (Delage and Pellerin 1984

provided a good comparative discussion of these

techniques). However, if the sample is heat and dry

sensitive, then freeze drying is preferred, specially at

high water contents (Ahmed et al. 1974). Freeze

drying processes manipulate temperature and pres-

sure conditions to eliminate the surface tension forces

caused by air-water interfaces, and thus it is assumed

that no shrinkage occurs on drying which could alter

soil structure. Prior to freeze drying, soil samples

must be cut into cubes less than 1 cm3 in size to

maximize heat transfer. Detailed accounts of freeze-

drying techniques have been given by Ahmed et al.

(1974), Delage et al. (1982), Delage and Pellerin

(1984), Delage et al. (1996), Penumadu and Dean

(2000), Mitchell and Soga (2005), and others.

4.2 Fractal Analysis of MIP Data

A further insight into the pore structure may be

provided by the interpretation of MIP data in terms of

the fractal character of the porous medium, admitting

self-similarity or dilation invariance of the hierarchical

void structure. Fractal dimension studies allow vali-

dating porosimetry results, since they are a powerful

tool to detect anomalies of the pore network, such as

the destruction of the natural structure due to sample

preparation techniques. For the calculation of the

surface fractal dimension Ds, the following expression,

written as a function of the mercury pressure p, has

been usually used (Korvin 1992; Meyer et al. 1994;

Fadeev et al. 1996) (V is the intruded pore volume)

log
dV

dp

� �
/ ðDs � 4Þ log p ð2Þ

The intervals of self-similarity of the different pore

types can be experimentally obtained from the linear

sections of the log-log plot of d(V/Vmax)/dp versus the

intrusion pressure p, the slope of which yield the

values of Ds, as shown in Fig. 2. In this figure, one

pressure zone is identified in the high-density struc-

ture with a characteristic fractal dimension of

Ds = 3.09, which reflects a more space-filling volu-

metric pore structure. On the other hand, two pressure

regimes can be identified in the low-density structure:

a low-pressure regime (1 MPa \ p \ 5 MPa) for pore

sizes between 300 nm and 1.5 lm exhibiting a fractal

dimension of Ds = 1.88, which corresponds to a

fissure-like structure, and a high-pressure regime

(p [ 5 MPa) for pore sizes less than 300 nm

presenting a volumetric structure (Ds = 3.04). It is

expected that with increasing aggregate angularity

and roughness, the fractal surface becomes more

space-filling tending to higher fractal dimensions

(volumetric structure). Fractal concepts related to

porosimetry studies have been used by Fadeev et al.

(1996), De las Cuevas (1997), Giménez et al. (1997),

Romero (1999), Jommi and Sciotti (2003) and Airò

Farulla and Jommi (2005) as a complementary tool to

detect microstructural changes and differences in

pore geometry at various structural levels.

4.3 MIP—Water Retention Curve Relationships

MIP has been used to attempt quantitative derivation

of the matric suction—saturation or water content

relationships. The mercury intrusion process is similar

to air-intrusion during the desorption path of the water

retention curve. Thus, the injection of non-wetting

mercury is equivalent to the ejection of water by the

non-wetting front advance of air for the same diameter

of pores being intruded. Therefore, the volume of

pores not intruded by mercury—assuming a non-

deformable soil—should be used to evaluate the water

content or degree of saturation corresponding to the
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equivalent applied matric suction. However, a resid-

ual water content corresponding to the non-intruded

porosity, which can be assumed saturated, should be

taken into account before estimating the water content

(Romero et al. 1999). In most soils, water is generally

held due to capillarity at low suctions (usually

\2 MPa), and by adsorption on particle surfaces and

in clay inter-layers at higher suctions (Cases et al.

1992; Romero et al. 1999). The derivation of the

matric suction—saturation relationship should be

limited to the low-suction range, in which capillarity

dominates the water retention properties.

Neither the cumulative PSD derived from the

water retention curve or the PSD obtained by MIP is

the true PSD, since it ignores the relative accessibility

of pores to the intruding non-wetting phase, air or

mercury. But one may assume that as both mercury

and air are non-wetting fluids, there intrusion path-

ways would be the same, and therefore for an

identical soil sample they should generate the same

apparent PSD, and that therefore the cumulative

PSD obtained from MIP would still give the water

retention curve. However, predictions of the water

retention curve from the PSD have not always been

so straightforward. Prapaharan et al. (1985) signifi-

cantly underestimated the measured water contents

for suctions greater than 10 kPa. Romero et al. (1999)

similarly compared predictions of the water retention

curve with measurements on a moderately plastic

clay, and found that the MIP predictions substantially

underestimated water contents at suctions greater than

40 kPa.

The reasons for the discrepancies can be attributed

to at least two important processes.

• In deformable soils the PSD changes during the

hydraulic path.

• The accessibility of pores in a small MIP samples

may be different than in a large sample on which

the water retention curve is determined. Isolation

of the wetting phase by the non-wetting phase may

occur in water retention curve determinations.

Simms and Yanful (2001, 2002) measured the PSD at

different suctions during water retention curve tests on

clayey soils compacted dry and wet of optimum and

subsequently saturated. They found that the PSD

indeed changed significantly, not only in the total

volume of pores but also in the distribution (Fig. 1).

Therefore, any method to predict the water retention

curve from the PSD for deformable soils must take into

account the evolution of the PSD with suction. Simms

and Yanful (2005) suggested one method, whereby

volume change and desaturation are calculated on a

pore by pore basis in a numerical pore-network model.
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More simply, the air-entry value can be deduced from

the PSD measured on a soil sample obtained at the end

of the water retention curve test, after volume change

has ceased. Figure 3 presents water retention results

on drying of a clayey silt obtained from high-range

tensiometer readings, which are compared to deduced

data from MIP using freeze-dried samples. ‘Dynamic’

and ‘static’ procedures starting from saturated condi-

tions and under unstressed conditions refer to the

measurement of matric suction using tensiometers

during a continuous drying process and under constant

water content, respectively. This figure shows a good

agreement in the determination of the air entry value

using MIP, when the sample has been previously air-

dried to a suction of 0.5 MPa (higher than the air entry

value obtained with the continuous drying process). In

this case, the denser state reached on pre-drying is

associated with a higher air-entry value, which

matches the tensiometer results with a distribution of

pores that evolve with suction. On the contrary,

deduced water retention results from MIP starting

from saturated conditions, reflect a lower air entry

value, which is in agreement with the higher porosity

of the saturated state.

MIP results have been successfully used to deter-

mine water retention properties of soft rocks, which

do not undergo important volume changes on drying.

Figure 4 shows deduced data from MIP results

compared to axis translation and vapour equilibrium

readings performed on Opalinus clay, a kaolinite-

illite argillaceous rock. A good agreement is observed

between the different methods.

4.4 MIP—Water Permeability Relationships

Due to difficulty of measurement, the unsaturated

water permeability function is often determined

indirectly from the measured water retention curve.

As described earlier, the so-called statistical methods

posit certain assumptions about pore-geometry in

their derivations. Most assume the pore-size distri-

bution does not change during drying, which is not

the case for fine-grained soils (Simms and Yanful

2002). Most methods also hypothesize that the water-

retention curve can be simply related to the pore-size

distribution, ignoring pore interconnectivity. They

also assume certain simplifications of pore geometry

to facilitate prediction of the unsaturated permeabil-

ity. For example, the Marshall (1958) method

represents pore geometry as two adjoining cross-

sections filled with randomly distributed pores, and

that the flow could be represented as perpendicular to

the cross-section passing through linked pairs of

pores. This derivation also forms the theoretical basis

for the very commonly used Mualem-van Genutchen

model (van Genutchen 1980). Leong and Rahardjo

(1997) give a comprehensive review of the statistical

methods.

Though the statistical methods work quite well for

coarse-grained soils, they do not work as well for

clayey soils. Permeability in clayey soils is a function

of many parameters such as the size of the pores that

change with the hydraulic history, the shape of the
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channels, the tortuosity, the clay mineralogy, phys-

ico-chemical interactions between clay particles and

the pore water, and the direction of flow. As the

methods calculate the unsaturated water permeability

assuming an unchanging pore-size distribution, they

are not appropriate for soils that undergo substantial

volume changes. These functions will tend to under-

predict the water permeability for deformable soils at

a given suction. Predictive equations should allow for

demonstration of the dependence of permeability on

PSD and reflect the changes in soil microstructure

caused by different stress and hydraulic histories.

Romero et al. (1999) determined the relative

permeability for different measured pore sizes, which

is shown in Fig. 5a (xi is the maximum pore diameter

that is considered). In this case, PSD data were

obtained for a kaolinitic-illitic clay, which was

compacted at two different dry densities (1.4 and

1.7 Mg/m3). Cross-sections with identical PSD func-

tions were considered to be connected in a correlated

way. As observed in the figure, water permeability is

mainly related to the distribution of the larger pore

sizes (i.e. [1 lm). Pores of sizes less than this

threshold diameter are considered negligible in the

calculation of permeability. A conclusion that arises

from the previous plot is that the permeability is very

sensitive to the magnitude and frequency of the large

pore mode, and that any factor that varies this part of

the distribution, such as a compression or a hydraulic

path, can be reflected in an appreciable change of the

permeability. Figure 5b complements the information

by showing relative permeability values for the two

dry densities as a function of the effective degree of

saturation, both evaluated from MIP data. As

observed in the figure, inflow/outflow results using

controlled-suction techniques and interpreted with a

diffusion equation compare relatively well to relative

permeability data calculated by integration over the

contribution of correlated filled pores.

Simms and Yanful (2005) attempted to predict the

unsaturated water permeability for a clayey soil with

a significantly changing pore size distribution. They

used a network model, where the nodes in the

network purported to represent individual pores in a

representative volume of soil. Water permeability in

large networks has been shown to vary according to

the following power law, for values of Nc near the

percolation threshold (Berkowitz and Ewing 1998)

kw / Npc � Np

� �k ð3Þ

in the case of unsaturated soils, Np would represent

the number of pores occupied by a the phase being

modelled, either air or water, Npc is the number of

occupied pores at the percolation threshold, and k is

an exponent dependent on the structure of the lattice.

Water permeability across the network may be

determined by applying analogies to Kirchoffs laws

for electric circuits. For pores in series, the global

hydraulic conductivity is the average of conductivi-

ties of pores still forming connected paths. For pores

in parallel, kw is the inverse of the sum of the inverted

local conductivities. For a two dimensional network,

the global connectivity for the whole network, kwg,

may be calculated
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function of different pore sizes and (b) for different effective
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kwg ¼
1

Pnc

1

1
kwl

ð4Þ

in which kwl is the average water permeability of a

column in the grid, perpendicular to the direction of

flow, and nc is the number of columns. The relative

water permeability, kr, may then be calculated by

dividing kwg at the current suction by the kwg at

saturation (Berkowitz and Ewing 1998).

To integrate the effect of variation in the pore-size

distribution, the volume change was computed on a

pore-by pore basis, where the stiffness of each pore

was assumed to increase linearly as the pores

decreased in size (Simms and Yanful 2005) The

model marches forward in small increments of

suction; after each increment, pores are checked to

see if they will drain, using the Young-Laplace

equation. Subsequently, only those pores that remain

saturated undergo volume changes due to increases in

suction. The initial size of each pore is generated

using the PSD measured at null suction as the pore

frequency distribution. A prediction of the unsaturated

hydraulic conductivity of a clayey soil is shown in

Fig. 6. The general validity of network models can be

evaluated by comparing the predicted hydraulic

conductivity of a coarse grained soil (no volume

change) with that predicted by the van Genuchten-

Mualem method, using the same pore-size distribution

in both analyses—this comparison is shown in Fig. 7.

4.5 MIP for the Estimation of Macroscopic

Volume Changes. Monitoring Changes along

Hydro-Mechanical Paths

Different types of volume changes occur at different

scales. For example, estimations of volume at the

largest scale may be affected by the presence of

cracks and other large scale features. Therefore,

volume change measured on the microscopic scale is

often only indirectly related to volume change at the

macroscopic scale. However, there has been a strong

correlation for some soils for a given range of

suctions: Simms and Yanful (2004) found that for

compacted clayey soils of low or moderate plasticity,

the volume change on drying measured by calipers on

5 mm diameter and 5 mm thick samples, strongly

correlated with the volume change in the pores in the

range measurable by MIP (0.01–100 lm). For these

soils, little or no cracking was observed at the

macroscopic scale.

Fig. 6 Hydraulic conductivity predicted for a glacial till

PI = 10% and air-entry value of 1000 kPa using a pore-

network model (adapted from Simms and Yanful 2005)
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It has been suggested that the volume change

measured by MIP may overestimate large scale volume

change, if lacunar porosity develops. This type of

porosity is formed by the shrinkage of finer grained

particles away from a coarser-grained skeleton of

particles (e.g., Fies and Bruand 1998; Viola et al.

2005). The volume contributing to lacunar porosity

must come from inter-aggregate, inter-particle, or

inter-layer void space, of which the first two are

measured by MIP. Variations in inter-layer spacing

only occur with significant variation in the relative

humidity of soil pores, which occur for suctions greater

than 3 MPa.

Despite these limitations, MIP measurements at

the microstructural level are a helpful tool to

understand material behaviour at macroscopic scale

and to build up double-structure constitutive models

with coupling functions relating micro and macro-

structural behavioural features. In this way, MIP has

been used to characterise the multiple-porosity net-

work of different soils and to study their evolution

along different mechanical and hydraulic stress paths.

More recently, MIP has also been successfully used

to detect PSD changes induced on low permeability

soils when subjected to hydro-mechanical or heating

pulse degradations. The evolution of PSDs on silty

and clayey soils, as well as clayey rocks, during

drying has been studied by Simms and Yanful (2002),

Cuisinier and Laloui (2004), Kong et al. (2005),.

(2006b), and Gasc-Barbier and Tessier (2007). Agus

and Schanz (2005) also analysed the suction-induced

changes in the PSD of heavily compacted bentonite-

sand mixtures. Figure 1 shows the evolution during a

drying path for a glacial till, in which suction increase

leads to the destruction of a certain class of macrop-

ores. Figure 8 shows an equivalent plot when suction

is increased from 0 to 400 kPa on a sandy loam. It is

interesting to note that the reduction of certain class

of macropores is accompanied by an increase in

certain class of micropores, leading towards a bi-

modal distribution. A model to account for this

response on drying was proposed by Koliji et al.

(2006b). Kong et al. (2005) also analysed the PSD

evolution of a compacted clay at different stages of

dehydration. These authors detected on drying some

decrease of the pore volume contribution of the

medium (0.1–10 lm) and small (0.05–0.1 lm) pore

sizes, as well as some increase of the large pore

volume ([10 lm), whereas no important changes

were observed in the micro pore volume contribution

(\0.05 lm).

The influence of different mechanical (loading),

hydraulic (wetting and drying) and chemical (pore

water concentration changes) stress paths on the PSD

of compacted FEBEX bentonite have been analysed by

Musso et al. (2003), Romero et al. (2005), Hoffmann

et al. (2007) and Lloret and Villar (2007). Figure 9

shows the evolution of the bi-modal PSD functions on

loading under oedometer conditions and constant

water content of 14% (maximum vertical stresses

varied between 8 and 38 MPa to arrive to target dry

densities 1.40–1.80 Mg/m3). The smaller group of

pores, which corresponds to the pores inside clay

aggregations, remains essentially constant as the stress

Fig. 8 Evolution of PSD functions when suction is increased

from 0 to 400 kPa on a sandy loam (Cuisinier and Laloui 2004;

Koliji et al. 2006b)

10 100 1000 10000 100000 1000000
Entrance pore size, nm

0.00

0.10

0.20

0.30

0.40

P
or

e 
si

ze
 d

en
si

ty
fu

nc
tio

n

1.40 Mg/m³
1.65 Mg/m³

1.68 Mg/m³
1.80 Mg/m³

20 µm

11 µm

25 µm

< 10 nm

Fig. 9 Evolutionof PSD functions on loading. FEBEX ben-

tonite at constant water content of 14% (Romero et al. 2005)

104 A. Tarantino et al. (eds.), Laboratory and Field Testing of Unsaturated Soils



increases. Changes in the void ratio result only in

changes in the inter-aggregate porosity (macrop-

ores)—this has also been observed in compacted

clayey soils by Delage et al. (1996). It is also evident

in the figure that the size of inter-aggregate pores

slightly decreases with increasing compaction

effort. Figure 10 shows the evolution of the PSD

functions when performing wetting paths on the

same bentonite, along with the bi-modal PSD curve

of the as-compacted state at an initial dry density of

1.40 mg/m3. The series of hydraulic paths included

single-stage wetting under constant volume and under

a constant vertical stress of 2 MPa (the dry densities

indicated in the figure are those just before the

porosimetry determination). It can be observed that a

new dominant mode emerges in the range between 350

and 1,100 nm, tending the microstructure to a one-

mode distribution. This mode systematically reaches

higher peaks on wetting under constant vertical stress,

in which the swelling strains are higher than the small

strains allowed under isochoric conditions. Simulta-

neously, and as a consequence of the constant volume

condition and the high stresses applied during wetting,

the inter-aggregate porosity is reduced, tending to its

occlusion.

Figure 11a shows another PSD evolution plot

when suction is decreased on a confined 70–30%

Kunigel clay/Hostun sand mixture (Cui et al. 2002).

This plot shows how the macroporosity is progres-

sively filled by the expanding microstructure.

Figure 11b complements the information of this

process. Using a limit of pores of 0.2 lm, Cui et al.

(2002) presented in the figure this progressive

clogging of the macroscopic void ratio emacro as a

function of suction. The decrease of emacro with

decreasing suction was not at the same rate for the

different suction ranges analysed, and it was only in

the low suction range (\10 MPa) where important

microstructural changes were recorded. Recently,

Thom et al. (2007) also followed the evolution of

the PSD of unsaturated compacted kaolin on satura-

tion, which resulted in aggregate expansion into the

inter-aggregate void space.

The richness of the quantitative data now being

obtained by researchers using MIP is such that

microstructural models of hydro-mechanical cou-

pling, such as those proposed by Koliji et al.

(2006b) and Simms and Yanful (2005), now have a

large data set for development and calibration.

Fig. 10 Evolution of PSD functions on wetting at constant

vertical stress and at constant volume. FEBEX bentonite at an

initial dry density og 1.40 mg/m3 (Lloret and Villar 2007)
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et al. 2002)
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5 Environmental Scanning Electron Microscopy

(ESEM)

5.1 Background, Advantages and Limitations

One of the newer and most promising qualitative

methods for studying and, where possible quantify-

ing, the arrangements of aggregations/particles and

voids in unsaturated soils is the environmental

scanning electron microscopy (ESEM). ESEM is a

special type of scanning electron microscope that

works under controlled environmental conditions and

requires no conductive coating on the specimen. This

makes it possible to examine wet samples and to

preserve their natural characteristics for further

testing, which is an obvious advantage of ESEM

compared to conventional SEM. A schematic cross

section of the equipment is shown in Fig. 12. As

observed in the figure, the sample chamber is at a

higher pressure (absolute pressure up to 3 kPa) and

separated from the increasing vacuum regions by the

pressure-limiting apertures. It is expected that vac-

uum will not diffuse from one level to another

through the small holes bored in the aperture discs,

allowing maintaining a very good vacuum in the

electron gun (10-5 Pa) as shown in the figure and a

poor vacuum in the specimen chamber.

ESEMs are equipped with a gaseous secondary

electron detector (GSED in Fig. 12) to produce

surface images, which is based on the principle of

gas ionisation and allows imaging of non-conductive

samples. The energetic primary electron beam emit-

ted from the electron gun penetrates the gas chamber

with little apparent scatter and hits the specimen,

scanning across the surface of the sample. This

causes the specimen to emit secondary electrons,

which are accelerated towards the positively charged

GSED. As they travel through the gaseous environ-

ment, collisions occur between the secondary

electrons and the gas particles that result in emission

of additional secondary electrons that provide more

signal and ionisation of the gas molecules (positive

gaseous ions). The positively charged gas ions are

attracted to the negatively charged sample—it has a

negative charge from the primary electrons that have

been bombarding it, suppressing the charging effects.

This charge suppression allows imaging non-conduc-

tive samples without the need of conductive coating.

The difference in signal intensity of secondary

electrons emitted from different locations on the

sample and collected at the positively charged GSED

allows an image to be formed during a scan.

Water vapour is the most commonly used chamber

gas, as it produces maximum signal amplification and

a high charge neutralisation capacity. Vapour is

introduced to the specimen chamber via a separate

vacuum pump. A fully automatic electronic servo

system is able to hold vapour pressure constant

between 133 Pa and 2 kPa. The microscope is also

equipped with a Peltier cooling/heating system

installed underneath the sample stub (refer to

Fig. 12) to control sample temperature. The Peltier

heating/cooling stage allows working within 20�C

above or below ambient temperature. This way, the

examination of the sample can be continuously done

under a H2O environment at different vapour pres-

sures and temperatures, and hence at different relative

humidity and consequently different degrees of

saturation, making it a suitable equipment to study

the gradual effects of wetting and drying stages at

microstructural scale. The equipment has also been

used for the real-time characterisation of melting,

corrosion, precipitation and crystallisation processes,

as well as for carrying out mechanical tests. Further

details of the equipment and applications can be

found in Danilatos (1993), Thiel and Donald (1998),

Jenkins and Donald (2000), Wei and Wang (2003),

and Bogner et al. (2006).

A certain degree of resolution has been compro-

mised when using this equipment, specially atFig. 12 Schematic cross section of an ESEM (Danilatos 1993)
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elevated relative humidity of the sample chamber,

and magnifications are usually maintained below

95000 to investigate specimens under controlled

environmental conditions. This performance com-

pares unfavourably with that from conventional

scanning electron microscopes, in which much higher

magnifications can be used without loosing resolu-

tion. When saturated samples are observed, the wet

mode in ESEM only allows the observation of the

surface, which is shown as if it were covered by a

sheet, so that little information about the sample can

be collected and makes image analysis difficult to

carry out. In addition, freeze-dry fractured surfaces

appear to give a clearer cut for image analysis

compared to the plane obtained by breaking a humid

sample. For these reasons, several authors still prefer

to use optical microscope, laser scanning microscope

and electron microscope observations, such as scan-

ning SEM, transmission TEM and field emission

SEM (FESEM), to analyse microstructural changes

along different hydro-mechanical paths. For example,

Al-Rawas and McGown (1999) and Katti and Shan-

mugasundaram (2001) used SEM micrographs to put

forward methodologies to describe microfabric

changes of expansive clays subjected to wetting.

Katti and Shanmugasundaram (2001) observed an

appreciable reduction in particle size on wetting—

associated with the breakdown of clay agglomerates,

which was detected by digital analysis of SEM

images. Also using SEM, Cui et al. (2002) success-

fully detected microstructural changes –progressive

expansion of aggregates clogging the macropores—

undergone by 70–30% Kunigel clay/Hostun sand

mixture on wetting under confined conditions. Cuisi-

nier and Masrouri (2005) used thin sections of soil

samples—prepared with special procedures to pre-

serve their fabric—and an optical microscope to study

fabric changes induced by the application of different

suctions on a 40–60% silt/bentonite mixture. These

authors observed how aggregates and macropores

detected at high suctions disappeared at null suction,

tending the clayey microstructure to an homogeneous

fabric. Viola et al. (2005) used FESEM to observe at

high magnification the microstructure of clay tactoids

and their alignment at different hydration states.

Suzuki et al. (2005) used a laser scanning microscope

combined with digital image analysis to investigate

the swelling at mesoscopic scale of bentonite aggre-

gates exposed to various NaCl solutions.

5.2 ESEM Applications. Monitoring

Microstructural Changes Along

Hydraulic Paths

Early ESEM studies applied to geological materials

were reported by Baker et al. (1995), Komine and

Ogata (1996, 1999), Romero (1999), Watt et al.

(2000), Buckman et al. (2000), Villar and Lloret

(2001) and Montes-H (2002). Buckman et al. (2000)

studied the wettability of fluids on soil minerals by

condensing water droplets on samples surfaces that

showed that the quartz surface was hydrophilic and

the illite surface hydrophobic. Komine and Ogata

(1999) and Villar and Lloret (2001) observed the

swelling behavior of bentonite by ESEM. From their

results, it was found that the macrovoids in the

material were filled by swelling deformations of

bentonite absorbing water. The hydration of clay

aggregations under constant volume is shown in

Fig. 13, in which the original space between aggre-

gates (Fig. 13a) has been reduced due to the swelling

of the bentonite particles. Figure 13b shows the final

aspect of the same sample under nearly a relative

humidity of 100%, in which a diminution of the size of

some macrovoids can be observed despite the absence

of confinement. These changes in the macropore

network explain the large differences observed

between the values of measured intrinsic permeability

for dry and saturated states (Villar and Lloret 2001).

Montes-H (2002) and Montes-H et al. (2003a, b)

used ESEM jointly with a digital image analysis

program to estimate at aggregate scale the swelling–

shrinkage behaviour of MX80 bentonite at different

water potentials. More recently, Montes-H et al.

(2004), Viola et al. (2005) and Agus and Schanz

(2005) used the same technique to observe the

changes and structural modifications undergone

under different hydraulic conditions by an argillite,

a clay-sand mixture and a 50/50 bentonite-sad

mixture, respectively. Specifically, Fig. 14 shows

the sequence of receding menisci and the evolution

of inter-grain porosity during dehydration. Zhang

et al. (2005) observed with ESEM the induced

alteration to the microstructure of a dual porosity

tropical soil induced on drying and wetting paths. The

authors pointed out the difficulty in imaging due to

the movement of particles induced by the drying path.

However, after moisture equilibrium had been

attained, the authors observed a well developed
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network of cracks and more densely packed clay

aggregates and sand particles, resulting from signif-

icant suppression of inter-aggregate pores. Important

expansion and crack healing was observed by the

authors on subsequent clay hydration.

Figure 15 presents the paths followed on wetting

and drying tests performed at micro and macrostruc-

tural scales on two different clayey materials

(kaolinitic/illitic clay and bentonite). This study

specifically investigates the reversibility or irrevers-

ibility features of the volume change behaviour of

these clays at both structural scales on a wetting and

drying episode. The volume change features at

macroscopic scale are directly measured on soil

cylindrical samples (38 mm in diameter and 40 mm

high), which are subjected with vapour equilibrium

technique to equivalent wetting and drying paths

under unstressed conditions. Figure 15 shows the

paths followed at macroscopic scale starting at point

A at a relative humidity of 47% for the kaolinitic/

illitic clay (left plot) and at 33% for the bentonite

(right plot). After reaching point B (around 97%)

along several intermediate equalisation stages, the

different clays are progressively dried using the same

equalisation steps to their initial and respective

relative humidity. On the other hand, the swelling

and shrinkage response at microstructural scale is

observed directly by ESEM combined with digital

image analysis using a commercial software along

equivalent wetting and drying paths shown in Fig. 15.

Compacted kaolinitic/illitic and bentonite powder on

the dry side has been destructured to obtain an

adequate size range of high-density aggregates. The

microscopic scale observations are done with isolated

aggregates, carefully stuck on the sample holder of

the ESEM with a special adhesive tape. Images of the

same aggregate are recorded at different equalisation

stages, starting from point A at a relative humidity of

33% for both clays, as shown in Fig. 15. The relative

humidity is defined as the ratio of the absolute

chamber pressure to the saturation vapour pressure in

the vapour-liquid phase boundary at the same tem-

perature. Chamber pressure is isothermally lowered

at 18�C to an absolute pressure of 0.66 kPa for the

beginning of the wetting path (point A). A thermo-

electric Peltier cooling stage to 10�C for the

kaolinitic/illitic clay and to 12�C for the bentonite

is applied at constant pressure to the sample holder to

start the wetting phase. Several isothermal pressure

increments are then applied to continue with the

wetting episode up to a maximum absolute pressure

of 1.33 kPa for the kaolinitic/illitic clay and 1.47 kPa

for the bentonite (point B in Fig. 15). Afterwards, the

aggregates are progressively dried along several

intermediate equalisation stages to their initial rela-

tive humidity. Temperature and chamber pressure are

maintained for approximately 15 min in each equal-

isation stage.

Figure 16 shows the evolution of the volume

change response along the different wetting and

drying stages. Regarding the microscale volume

change determination, the images of the isolated

aggregates are processed after tracing their contours,

carrying out the binarisation and verifying the

methodology. To quantify the volumetric deforma-

tion ev, the following expression was used

Fig. 13 (a) ESEM image

taken under relative

humidity 50% and (b)

nearly 100%. FEBEX

bentonite compacted to dry

density 1.70 mg/m3 (Villar

and Lloret 2001)
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ev ¼ a e2D ¼ 1:5
ðA� AoÞ

Ao
ð5Þ

where A and Ao are the area of an aggregate at the

equilibrated and initial reference states, respectively.

A value of a = 1.5 has been considered to take into

account isotropic straining perpendicular to the image.

It is important to highlight that ESEM images are quite

sensitive to working conditions (scan rate, chamber

gas pressure and working distance). Particularly, when

monitoring microstructural changes along drying and

wetting paths with varying gas pressures, it is impor-

tant to maintain a constant working distance.

Reversible and irreversible volume change features

of both micro and macroscales are observed in Fig. 16

for the wetting and drying paths followed. Strains at

microscopic scale are almost reversible, enclosing an

hysteretic loop that is more evident in the bentonite

aggregates. At macroscopic scale the irreversibility of

the volume change response increases. These obser-

vation are consistent with the formulation for

volumetric conditions of double-structure models as

presented by Alonso et al. (1999, 2005). In their

formulation, the behaviour at microscopic scale is

considered to be appropriately described by an elastic

model. In the case of the macrostructural level, an

elastoplastic model is adopted. In addition, coupling

between both scales is considered. That is, volumetric

deformations at microstructural level can induce

irrecoverable deformations at macrostructural scale.

As a consequence, the results presented highlight the

use of ESEM for understanding different hydro-

mechanical behavioural features observed at macro-

scopic scale and for validating hypotheses used in the

formulation of double-structure constitutive models.

Following an equivalent procedure—i.e., using

ESEM combined with digital image analysis, Mon-

tes-H et al. (2003b) studied at microscopic scale the

swelling-shrinkage behaviour of a Ca-saturated ben-

tonite when subjected to a wetting/drying episode.

The study was complemented at macroscopic scale

by determining the water retention properties of the

same bentonite following equivalent hydraulic paths

and using vapour equilibrium technique. Figure 17

shows an adapted plot of their results, in which a

clear reversible volume change response is detected

at microscopic scale. As observed in the figure, the

same reversible behaviour is also detected in the

water retention behaviour at macroscopic scale.

Again, these results emphasise the importance of

using microstructural techniques to understand the

behavioural features observed at macroscopic scale.

6 Summary and Concluding Remarks

The paper highlights the importance of microstruc-

ture investigation in unsaturated soils and presents its

relevance to engineering properties. The paper

Fig. 14 ESEM micrographs showing the receding minisci and

the evolution of the inter-grain porosity between sand grains

during dehydration of a clay/sand mixture (Viola et al. 2005)
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focuses on two microstructural techniques to charac-

terise unsaturated soils, namely mercury intrusion

porosimetry (MIP) and environmental scanning elec-

tron microscopy (ESEM). Both techniques have been

used to make qualitative and quantitative inferences

about unsaturated behaviour of soils (water retention

and water permeability properties, evolution of pore

size density functions along different hydro-mechan-

ical paths, macroscopic volume change behaviour,

micro and macroscale interactions, and so on). In

addition, these complementary techniques may

resolve some questions about the relationship

between the dominant pore sizes observed directly

with ESEM and the pore size distribution (PSD)

measured by MIP, and whether soil preparation for

MIP has some effect on soil microstructure.

It has been shown that the PSD obtained by MIP

can be used to make predictions of volume changes,

water retention and permeability properties, given

that certain factors are taken into consideration, such

as a recognition that the PSD changes with suction,

the notion of pore accessibility and connectivity, and

the proper preparation of the specimen prior to the

MIP test.

ESEM visualisations combined with digital image

analysis have been successfully used to monitor the

volume change behaviour of soil aggregates at

microscale along different hydraulic paths (wetting

and drying cycle). Equivalent hydraulic paths have

been carried out at macroscopic scale to study the

interactions between the different scales.

Though many of the results discussed in this section

are but initial forays at the problem, they have shown

that quantitative analysis of microstructure coupled

with macroscopic measurements is a realistic and

powerful course for understanding the engineering
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behaviour of unsaturated soils, as well as in contrib-

uting to the generation of realistic hypotheses for

homogenisation techniques and for formulating multi-

scale constitutive models.

An important goal of microstructural investigation

is the quantitative correlation between microstruc-

tural characteristics and macroscopic properties.

Further advances in microstructure investigation

should lead to soil models that follow the evolution

of the PSD over stress and suction changes to

facilitate improved predictions of soil behaviour.

Already there are some attempts of general models

with respect to unsaturated permeability. More

rigorous integration between experimental micro-

structural data and microstructure level models

(discrete element models, pore-network models, and

so on) will lead to further advances in this direction.
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Abstract Geoenvironmental concerns involve

unsaturated soils in problems like soil contamination,

waste disposal and ground-atmosphere interactions.

This paper deals with the two first points. To tackle

geoenvironmental problems in unsaturated soils, it is

necessary to identify experimentally the retention and

transfer phenomena that govern the movements of

fluids and chemical species in the unsaturated soil.

Some of the experimental techniques used in unsat-

urated soils can be adapted to face these problems,

but extensions accounting for the various physico-

chemical processes involved in soil contamination

and waste disposal are necessary, including temper-

ature effects and the mechanical couplings resulting

from the changes in temperature and chemical

concentrations. After an introduction to the geoenvi-

ronmental problems that are related to unsaturated

soils, the paper presents a series of experimental

developments carried out in relation to retention and

transfer properties of water (pure or with dissolved

species), hydrocarbons and gas, also accounting for

temperature effects and chemical effects. The tech-

niques presented are applicable to soil contamination

and waste disposal, with a special concern addressed

to nuclear waste disposal, in which the effects of

desaturation of the geological barrier together with

the unsaturated nature of compacted engineered

barriers appeared to be quite important.

Keywords Geoenvironmental testing � Unsaturated

soil � Contamination � Waste disposal � Retention �
Transfer � Temperature � Chemical � NAPL �
Nuclear waste � Engineered barrier � Vadose zone

1 Introduction

Unsaturated soils are involved in many geoenviron-

mental problems such as soil contamination, waste

disposal and interactions between the ground and the

atmosphere. Indeed, the safe and perennial confine-

ment of gas or liquid pollutants is essential to

preserve the environment. In these problems, the

experimental techniques developed in unsaturated

soils mechanics are certainly helpful to investigate

and better understand various important issues linked

to possible fluid transfers, either in the gas or in the

liquid phase, heat and contaminant transport, tem-

perature and chemical effects, and their possible

interactions with the mechanical response of the

materials. Also, investigation of the water exchanges

occurring between the ground and the atmosphere are

essential to identify the impact of climatic events on

ground profiles. They have to be properly understood

to better assess the efficiency and durability of waste
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disposal covers, as shown by Cui and Zornberg

(Ibid.). Obviously, mass and heat transport processes

and properties are essential, but possible mechanical

effects through thermo-hydro-mechanical coupling

should also be considered. In this regard, data on fluid

transfer from papers by Benson and Gribb (1997) or

Masrouri et al. (Ibid.) among others, are of interest.

As previously indicated, experimental techniques

used in unsaturated soil mechanics are a starting point

to study these processes and their interactions.

However, the understanding of the constitutive

behaviour of the material including multi-physics

effects or multi-scale interactions demand the

improvement of the conventional techniques to

capture these complex phenomena and to include

the different environmental variables (temperature;

geochemical variables, such as solute concentra-

tion—i.e., osmotic suction - and nature and quantity

of exchangeable cations; …).

In this paper, issues related to contamination and

waste disposal will be considered in the light of

recent developments conducted in the experimental

techniques used in unsaturated soil mechanics.

Selected changes and improvements carried out in

these techniques will be introduced and discussed.

2 Geoenvironmental Problems Involving

Unsaturated Soils

2.1 Soil Contamination

The different kinds of contamination that can affect

soils and other geomaterials are described in Table 1,

together with some physico-chemical phenomena

involved. Soil contamination may be either accidental

and localised or diffuse. Diffuse contamination

concerns larger areas of ground, as for instance a

consequence of an excessive use of fertilizers made

in agriculture or/of atmospheric contamination orig-

inated from chimney plumes from industrial

facilities. This paper will mainly concentrate on

localised contamination.

Accidental contamination may occur below indus-

trial facilities and may concern either immiscible

hydrocarbon fluids (Non Aqueous Phase Liquid,

NAPL, lighter or denser than water, LNAPL and

DNAPL respectively), soluble chemical products and

metals (trace elements). Contamination accidents can

also occur anywhere during the transportation of the

products. Accidental leaks in permanent industrial

facilities can be a consequence of bad maintenance

and of excessive ageing of the facilities. As compared

to chemical products or metal pollution that concern

both saturated and unsaturated soils, NAPLs only

infiltrate into the ground when the soil is unsaturated

(vadose zone) as shown in Fig. 1. Light NAPL

progressively infiltrates down to the water table

where the immiscible phase keeps floating above

water. Since hydrocarbons are made up of a complex

mixture of many different kinds of organic com-

pounds, they generally contain a significant

proportion of volatile and/or soluble components

prone either to evaporate and migrate in the vadose

zone or to dissolve in the water table and migrate

according to local hydraulic gradients. To understand

NAPL infiltration, unsaturated flow parameters such

as the oil retention and the oil permeability properties

have to be investigated. These parameters are also

important to better assess the mechanisms involved in

most of the remediation techniques used for the

decontamination of NAPL polluted soils such as, for

Table 1 Phenomena involved in soil contamination

Nature of the

contamination

Accidental,

transportation

Below roads Active and abandoned

industrial facilities

Atmospheric

Pollutant NAPL, chemical Ions, heavy metals Anything: hydro carbon (polar -

non polar), chemical, heavy

metals…

Heavy metals,

chemical, ashes,…

Geomaterial Vadose zone Subgrade compacted layers Vadose zone Vegetal surface layer

Phenomena Immiscible hydro carbon,

Infiltration, evaporation,

venting

Water infiltration, pollutant

transfer, precipitation–

dissolution

Water infiltration, pollutant

transfer, precipitation–

dissolution

Fixation, precipitation,

infiltration, transfer
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example, air stripping, soil venting and degradation

enhancement by air and gas injection. Other contam-

inations come from the products generated by cars

circulating on roads that are washed by rain and that

go through the subgrades and infiltrate soils.

The retention and transfer phenomena that govern

the behaviour of chemicals and metals in soils

involve significantly strong physico-chemical inter-

actions with the reactive compounds of the soils, i.e.

clay, organic matter and oxides. They include

adsorption, precipitation, dissolution, diffusion dis-

persion and hydrolysis. They depend on various

chemical characteristics such as the soil acidity (pH)

or the soil redox potential. These phenomena are now

well documented in saturated soils where the status of

each component is governed by a chemical potential.

Studies on contamination in unsaturated soils are

generally carried out in sand samples (with low

suction levels) and most often account for the effects

of capillarity (Bresler 1973; Gaudet et al. 1977; De

Smet et al. 1986; Maciejewski 1993). The combined

effect of capillarity and physico-chemical interac-

tions in the reactive soil fraction in unsaturated soils

is poorly documented.

2.2 Waste Disposal

Obviously, uncontrolled waste disposal is a serious

source of soil contamination with possible conse-

quences on ground water and rivers. In developed

countries, the environment is protected from possible

contamination from urban and industrial waste by a

proper surface waste disposal policy. Considerable

attention has also been paid to the disposal of nuclear

waste, both in surface (low activity waste) and at

great depth (high activity waste). In both cases,

besides using geosynthetics, compacted soils are used

to make confining layers with a sufficiently low

permeability. Due to the diversity of the pollutants

present in the waste, particularly in urban waste, a

complete set of thermo-hydro-chemo-bio-mechanical

couplings takes place in the waste, at the contact with

the liner and inside the liner. A deeper understanding

of the interactions between the waste and the

confining layer has to be gained, as recently shown

by Rowe (2005). Another important aspect is the

behaviour of cover liners that are aimed at isolating

the waste from the atmosphere (Bouazza et al. 2006).

Exchanges between the ground and the atmosphere

involve water phase changes from liquid to gas and

possible desaturation of the cover. Here again,

research conducted in unsaturated soil mechanics

appear to be of interest in terms of parameter

determination (e.g. Cui and Zornberg Ibid.).

Although temperature changes also occur in sur-

face waste due to chemical and biological reactions

and to atmospheric changes, more attention has been

paid to temperature effects on the behaviour of soils

in researches conducted on deep geological disposal

of high level radioactive waste (HLRW), which is at

present one of the preferred alternatives for the safe

disposal of these wastes. Crystalline and clay-rich

rocks have been usually considered as suitable host

media in which repositories can be built by placing

the canister that contain the radioactive waste in

horizontal drifts or vertical boreholes excavated at

VADOSE ZONE

WATER FLOW

VAPOURVAPOUR

LIGHT NAPLLIGHT NAPL

INFILTRATION

HYDROCARBON
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WATER TABLE

Fig. 1 Typical accidental

light NAPL contamination
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great depths. A possible option is to backfill the space

between the canisters and the excavation with

engineered barriers made up of heavily compacted

swelling clays that present specific properties as

compared to common liners. These barriers placed at

partially saturated states and at very high initial

suctions (several tens of MPa) are designed to

provide isolation by swelling with negligible volume

change allowed. Thermal effects can be dominant as

quite high temperatures are reached in these partially

saturated barriers due to the heat generated by the

radioactive waste decay (Gens et al. 1998; Cleall

et al. 2006). The incorporation of new variables such

as suction and temperature into current understanding

of soil behaviour is required to account for these

effects. For these reasons, specific attention has been

devoted to thermal effects on engineered barriers and

to the development of experimental techniques and

testing cells, as described further on.

Table 2 shows the typical phenomena occurring in

geomaterials involved in waste disposal that include

compacted clay liners, attenuation liners and cover

liners in the case of surface waste. Of course, liners

are compacted in wet states located not far from the

saturation curve in a compaction diagram. However,

some air is still remaining in liners and some gas

generation by chemical reaction can occur, confirm-

ing that such liners or covers should be considered in

their unsaturated state. As previously described,

unsaturated soil behaviour may also concern engi-

neered barriers used in nuclear waste disposal

schemes, as well as the host geological medium in

which the deep underground facility is excavated,

since it has been observed that significant

desaturation could be induced by ventilation in the

galleries (Fernández-Garcı́a et al. 2005; Mayor et al.

2006).

The number of physico-bio-chemical phenomena

occurring in geomaterials that are used or that are

possibly affected in and around waste disposals is

wide and involve full thermo-hydro-chemo-bio cou-

plings, as shown by the Table. In most cases, relevant

experimental techniques have been developed, start-

ing generally in saturated state and then going to

unsaturated states. This is typically the case for heat

transfer properties, water retention properties and the

propagation of soluble chemicals through advection

and diffusion processes that are of utmost importance

in the case of radionuclides. Phase changes also occur

due to temperature gradients. They are better known

for water but they should also concern other compo-

nents, as for example hydrocarbon compounds in the

case of methane generation.

Figure 2 shows a scheme of a surface waste

disposal and provides an illustration of part of the

phenomena described in Table 2. Temperature ele-

vation in landfills is due to chemical reactions and

affects the compacted bottom liner and the cover

liner. The generation of methane and of other

possible compounds as well as water evaporation

involve temperature and phase changes. The proper-

ties of the liner are affected by the temperature

increase in the landfill. Possible leaks and subsequent

leachate infiltration in the vadose zone may lead to

transfer, adsorption or precipitation of chemicals in

the ground and in the aquifer. Finally, leaks of

immiscible hydrocarbons (with either floating

LNAPL or DNAPL penetrating in the aquifer) may

Table 2 Phenomena involved in waste disposal

Disposal Surface waste disposal: urban, industrial,

low activity nuclear waste

Deep waste disposal in rock: nuclear waste

Pollutant Anything: polar-non polar hydrocarbons, chemical

components, heavy metals, biological components,

radionuclides

Radionuclides

Geomaterial Compacted soil: clay liner, attenuation layer, cover liner

(vegetation)

Compacted soil: engineered barrier

Natural soil or rock: geological barrier

Phenomena Leaks, leaching, leachate infiltration, ion diffusion,

biological action, clogging, heat effects (heat transfer,

water evaporation, vapour transfer, water

condensation, liquid transfer), evaporation (cover

liner), cracking, gas generation due to the

decomposition of organic fractions

Water infiltration, confined swelling, microstructure

changes, heat effects (heat transfer, water

evaporation, vapour transfer, water condensation,

liquid transfer), radionuclides diffusion, cracking,

evaporation due to venting (galleries), gas generation

due to anaerobic corrosion of metals
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occur. The cover is submitted either to drying paths

due to evaporation or to wetting path due to raining

period. One should also mention possible cracking in

cover liners and sometimes in bottom liners due to

specific reaction between the liners and some chem-

icals (Fernandez and Quigley 1991). Note that

cracking of bottom liners can also appear due to

temperature increase (Rowe 2006). Cracking obvi-

ously constitutes a serious concern since it can

jeopardize the integrity of the liners.

As described in Table 1, gas generation and

migration through clay-based barriers is an important

design and research issue in waste isolation studies

that has attracted increased attention in the last years.

The generation of gases in surface waste disposal

schemes is mainly associated with waste decompo-

sition processes of the biodegradable organic matter.

The decomposition sequence of the organic waste in

the landfill is given in two clearly defined stages: one

of fermentation and one of methane generation, as

depicted in Fig. 2. The concepts of partially saturated

soil mechanics allow the unification of the decom-

position phenomena, the flow of gases, and the

coupled mechanical response of the material. Fol-

lowing these concepts, Caicedo et al. (2002)

modelled the gas flow coupled with a settlement

analysis in a sanitary landfill. Gas generation is also

an important issue in the case of HLW disposal

schemes. Several possible mechanisms have been

suggested (Ortiz et al. 2002): anaerobic corrosion of

the iron contained in the canister with production of

hydrogen, which is the largest gas generation source;

degradation of organic matter with production of

methane and carbon dioxide and radiolysis with

production of hydrogen, oxygen, carbon dioxide,

methane, etc. This gas generation at the inner

boundary of the clay buffer may result in a gas

pressure increase given the high degree of saturation

and the relative impervious nature to gas flow of the

clay barriers. Descriptions of the different gas

transport mechanisms and selected testing techniques

used to study these mechanisms will be presented in

detail further on.

As mentioned in Table 2, many different pollutants

can leak from waste disposals. As an example, Schleyer

et al. (1988) give in Fig. 3 the 15 pollutants most

frequently found below industrial waste sites in

Germany and USA (US data taken from Plumb and

Pitchford 1985). The importance of aliphatic chlori-

nated hydrocarbons (and particularly tetrachloroethene)

is clear on both countries, with apparently much more

frequent occurrence in the USA than in Germany. Note

also the presence of aromatic hydrocarbons from the

group of BTEX (benzene, toluene, ethylbenzene

and xylene). For some reasons, all these compounds

(that include many immiscible non polar fluids) have

leaked through the liners and infiltrated in the vadose

zone. The concern is to know, as shown in Fig. 2, if the

aquifer or any point of exposition can be potentially

reached.

Fig. 2 Schematic scheme

of a surface waste disposal

(After Di Molfietta and

Aglietto 1999)
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3 Geoenvironmental Testing Methods

3.1 Water Retention and Transfer Properties

Compacted liners of surface waste disposal that are

compacted wet of optimum are generally tested, in

the laboratory or in-situ, by using standard saturated

soil techniques that will not be commented here.

Important research has been recently conducted to

investigate the retention properties of engineered

barriers that are made up of heavily compacted

swelling clays. In the as-compacted state, these

barriers have very high initial suctions (various tens

of MPa) due to their high activity in terms of clay-

water interactions. For this reason, many researchers

adopted the technique of controlling suction by

Fig. 3 The 15 most often

pollutants detected below

waste disposals in Germany

and the USA (Schleyer

et al. 1988)
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vapour control (see for instance Delage et al. 1998a).

Following Esteban Moratilla (1990) and Oteo-Mazo

et al. (1996), the technique has also been adapted on

various geotechnical devices such as oedometer or

isotropic compression equipments (Yahia-Aissa et al.

2000; Tang and Cui 2006; Hoffmann et al. 2005) or

triaxial apparatuses (Blatz and Graham 2000).

Figure 4 (Delage et al. 1998a; Yahia-Aissa et al.

2000) shows the water retention curves of compacted

FoCa7 clay determined by using both the vapour

control technique and the osmotic technique. A

remarkable reversibility in water content evidencing

negligible hysteresis was observed under suction

cycles in this clay. This trend was not observed on

engineered barriers made up of other bentonites. In

order to better simulate the in-situ conditions of

engineered barriers, retention curves with swelling

impeded were also investigated. To do so, special rigid

cylindrical metal containers have been designed with

vapour exchanges made possible on both sides through

perforated metal plates (see Fig. 5). Compacted sam-

ples are 5 cm diameter and 1 cm high and each of the

metal disk placed on both sides of the sample has been

perforated with about 100 holes (diameter 0.5 mm).

Figure 4 shows that retention in swelling clays with no

volume change significantly affects the retention

properties at suctions lower than 7 MPa. This differ-

ence is to be accounted for when trying to predict the

water infiltration phase from the geological barrier into

the engineered barrier.

Note that the effects of the changes in microstruc-

ture of a compacted bentonite with no swelling allowed

also have an effect on the water movements in the

bentonite, as shown by Loiseau et al. (2002). By

investigating the changes in permeability of a com-

pacted bentonite during water infiltration by using the

instantaneous profile method, these authors observed

that the standard increase in relative water permeabil-

ity during infiltration (as water content increases) was

not observed. On the contrary, the relative water

permeability was observed to decrease during infiltra-

tion, due to the progressive clogging of the inter-

aggregate pores by the expanding hydrated aggregates.

Also, this phenomenon is seldom accounted for in

calculations, in which standard changes in partial

permeability with water saturation are adopted.

3.2 NAPL Retention and Transfer Properties

NAPL infiltration in the vadose zone obeys to standard

phenomena that control multiphase flow transfers in

porous media. Note that, besides the infiltration of

NAPLs in the vadose zone, the infiltration of DNAPL

in a saturated soil also corresponds to a multiphase

problem involving capillary interactions between

water and DNAPL (Schwille 1988; Kueper et al.

1989; Bezuijen et al. 2000). Thus, standard experi-

mental techniques developed in unsaturated soils can

be adapted and used.

As for water flow in unsaturated soils, two consti-

tutive parameters are necessary to predict NAPL

transfers in unsaturated soils: the NAPL retention

curve of the soil and the change in NAPL permeability

with respect to the degree of saturation in NAPL.

Infiltration in granular soils mainly involve capillarity

whereas other physico-chemical effects also take place

in fine grained soils in the clay fraction, in the organic

fraction and along the oxides components (see for

instance Lagaly 1984). As in unsaturated soils, tech-

niques of controlling the ‘‘matrix’’ air-oil suction

account for both capillary and physico-chemical soil-

fluid interactions.

Early investigation carried out to investigate the

retention properties of three phase fluid systems were

aimed at confirming the Leverett (1941) proposal to

extend the data from two phase retention curves to

three phase fluid systems (under the hypothesis of

negligible fluid-solid surface interactions). To do so,

Lenhard and Parker (1988) developed a special cell

with specially treated porous ceramics to control and

monitor liquid movements and pressures (Fig. 6). In

Fig. 5 Special cells designed for determining the water

retention properties of swelling clay with no volume change

(Yahia-Aissa 2000)
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this system, a cylindrical sample of soil is placed in a

cell composed of two ceramic high air entry value

(HAEV) rings, respectively hydrophilic and hydro-

phobic (by using a Glassclad 18 solution). Negative

fluid pressures were applied by applying vacuum,

volume changes were monitored by using burettes

and the negative fluids pressures were measured by

using standard tensiometers (maximum suction

80 kPa). Steffy et al. (1997) used the cylindrical

retention cell shown in Fig. 7 where two hydrophobic

and hydrophilic porous plates were placed on both

sides of the sample. Low negative fluid pressures

were applied by the difference in fluid levels. In a

carbonate sand sample containing water and decane,

they observed a residual water saturation of 20%

under a tension of 1 m of water (10 kPa).

In order to provide a relevant system for fine

grained soils in which higher values of oil-air suction

are expected, Cui et al. (2003) developed an axis

translation cell with hydrophilic and hydrophobic

ceramic porous stones placed on both faces of a

cylindrical sample (30 mm high and 70 mm in

diameter), shown in Fig. 8. In this device, the air

pressure is imposed through the lateral connection

and the oil volume exchanges are monitored with an

inclined tube. The retention curves presented in

Fig. 9 have been determined on a low plastic silt

(Ip = 19) compacted at a dry density of 1.6 Mg/m3

on the dry side of Proctor optimum (water content

w = 15%, initial degree of saturation in water

Srwi = 60.7%) and the wet side of Proctor optimum

(w = 21.5%, Srwi = 82.6%). The samples were

Fig. 6 Cross sectional view of the three phase retention cell

developed by Lenhard and Parker (1988)

Fig. 7 Retention cell for LNAPL developed by Steffy et al.

(1997)
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initially soaked with Soltrol 170, a LNAPL with low

volatility and low toxicity currently used in soil

contamination investigations. The curves show that

the Soltrol contained in the wetter sample is expelled

at an air-oil suction of 200 kPa whereas a degree of

saturation in oil of 2% is observed at a suction of

300 kPa in the drier sample. By using an axis-

translation oedometer, Manassero et al. (2005) and

Rabozzi et al. (2006) also investigated the retention

curves and hydraulic properties of compacted soil

samples contaminated with Soltrol.

Oil relative permeability is generally derived from

oil retention properties and from pore size distribu-

tion models since few direct methods of determining

the oil relative permeability have been published. In

this regard, Cui et al. (2003) used the Gardner (1956)

method of determining the unsaturated oil perme-

ability of silt. This transient method consists in

applying at t = 0 an increment of air pressure and to

monitor the oil expulsion with time. An inverse

analysis based on a simplified procedure to solve

Richards’s equation allows the determination of the

relative oil permeability. Impedance effects due to

the low permeability of the ceramic porous stone are

accounted for using the Kunze and Kirkham (1962)

approach.

As commented by Kechavarzi et al. (2005), few

one-dimensional experiments have been developed to

study the behaviour of NAPL in the unsaturated zone

(Eckberg and Sunada 1984; Reible et al. 1990;

Lenhard et al. 1993). More recently, an effort has

been made in the developments of two-dimensional

experiments in either homogeneous or heterogeneous

sands (Pantazidou and Sitar 1993; Van Geel and

Sykes 1994; Oostrom et al. 2003; Sharma and

Mohamed 2003; Kechavarzi et al. 2005 among

others). Various devices have been used in the

laboratory to monitor the progression of the NAPL

in the sand mass, as shown, as an example, in Fig. 10

(Sharma and Mohamed 2003). In this experiment

where the oil infiltration is visually monitored

through the direct observation of the change in shape

and position of the interface through a glass wall,

various sensors have been used. Time domain

reflectometry (TDR) sensors have been used to

monitor the change in water content whereas water

and oil tensiometers have been placed at several

locations to monitor the change in water or oil

suction. To do so, the ceramic porous cups of the

sensors have been saturated either with water or with

oil after having previously treated the porous cup to

render it hydrophobic (by immersing the cups in

chlorotrimethylsilane for 2 h followed by thorough

rinsing in toluene and methanol as suggested by

Lenhard and Parker 1988). Being the sand non

deformable, the changes in degree of saturation in

water could be derived from TDR measurements,

allowing for the simultaneous determination of the

degree of saturation in oil. Simultaneous measure-

ments of the suctions allowed the determination of

the fluid retention properties of the sand, which

appeared to present a residual degree of saturation in

water of 12% at a suction of 34 cm of water.

Similarly, Kechavarzi et al. (2005) used, in a two-

dimensional laboratory test, water resistivity probes

(Kechavarzi and Soga 2002) to monitor changes in

water contents and tensiometers to measure suction in

water and LNAPL. In this experiment, an image

analysis technique developed by Kechavarzi et al.

(2000) was used to determine LNAPL, water and air

saturation distribution. Images where taken by using

a digital near infra red camera and the saturation

profiles were determined based on the measurement

of the optical density defined for the reflected

luminous intensity of the sample (a sand containing

air, water and LNAPL).

As for other geoenvironmental problems, centri-

fuge testing has proven to be relevant for the

investigation of transfer phenomena of NAPLs (Lord

1999) and it has been quite often used, mainly in
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granular media (sand or glass beads, Illangasekare

et al. 1991; Knight and Mitchell 1996; Esposito et al.

1999; Pantazidou et al. 2000; NECER 2000, among

others). Note however that Lo et al. (2004) compared

the migration behaviour of BTEX (Benzene, Toluene,

Ethylbenzene and O-Xylene) in a sand and in a

clayey silt (Ip = 11.8) and found some significant

differences in their migration patterns and retention

behaviour. Various sensors have been used in centri-

fuge experiments, such as miniature resistivity probes

and water tensiometers to measure water saturation

and water pressures changes during centrifuge tests

(Soga et al. 2000; Kechavarzi and Soga 2002; Chiu

et al. 2005). Theses devices also allow the determi-

nation of the water retention curve of the soil used in

the centrifuge test. Most often, the evolution of the

NAPL plume during infiltration is monitored opti-

cally by analysing photographs taken at various

times, as seen in Fig. 11 where the infiltration of

DNAPL through the vadose zone and the water table

is observed.

3.3 Temperature Effects

Temperature effects on saturated soils have been a

subject with a long experimental research tradition

that has recently attracted intense attention regarding

soft argillaceous rocks and stiff clays, because they

constitute the geological host media in deep disposal

of nuclear waste (Hueckel and Peano 1996). Exper-

imental studies on the effect of temperature on

saturated clay-based materials have been recently

reported by Burghignoli et al. (2000), Delage et al.

(2000), Graham et al. (2001), Sultan et al. (2002),

Cekerevac and Laloui (2004), and Cekerevac et al.

(2005). Extension of these studies to unsaturated

engineered barriers made up of compacted swelling

clays has been conducted more recently, mainly

regarding the determination of water retention curves

(Romero et al. 2001a; Tang and Cui 2005; Duarte

et al. 2005; Villar et al. 2005a) and the determination

of thermal conductivity properties (Tang and Cui

2006; Duarte et al. 2006). In contrast, available

information concerning temperature effects on the

mechanical behaviour of unsaturated soils is more

limited, in spite of its practical relevance; a situation

caused, at least in part, by the experimental difficul-

ties presented below. There is a need to examine

more systematically the combined effects of suction

and temperature on the mechanical behaviour of

unsaturated soils under more controlled conditions.

Basic questions concerning the sensitivity to temper-

ature of swelling potential, soil collapsibility and soil

shrinkage, or the effects of temperature on the stress

path dependency of soil deformation and shear

strength properties remain still unanswered in unsat-

urated soils. To achieve such an understanding it is

necessary to perform tests under the simultaneous

control of suction and temperature. A main challenge

is the design of a reliable controlled-suction appara-

tus capable of working at elevated temperatures.

Regarding thermo-mechanical aspects under partially

saturated states, Saix and Jouanna (1990) and Saix

(1991) reported the first experimental results in this

area using low suction values. Recordon (1993) and

Wiebe et al. (1998) studied the effects of thermal

loading in partially saturated soils at constant water

content, i.e. without suction control.

Standard experimental techniques used in unsatu-

rated soils to control suction (axis translation,

osmotic and vapour equilibrium techniques) have

been adapted and used for hydro-mechanical testing

at elevated temperatures. Axis translation and

osmotic techniques are limited to low suctions (below

1.5 MPa when using axis translation with standard

high air-entry value (HAEV) ceramic discs, and

below 9 MPa (Delage et al. 1998a; Delage and Cui

2008) when using the osmotic technique), whereas

Fig. 11 Infiltration of a plume of DNAPL observed in the

centrifuge (taken from NECER 2000)
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vapour equilibrium covers with reasonable precision

the upper suction range from 3 to 1000 MPa. Axis

translation technique has demonstrated its applicabil-

ity to study the combined effects of partial saturation

and temperature on hydro-mechanical soil behaviour.

However, a carefully controlled setup with auxiliary

devices (vapour traps and diffused air flushing/

measuring system) is required to use this technique

at high temperatures (Fig. 12, Romero et al. 2003).

The main problems refer to the control of the relative

humidity in the air pressure system, to the thermally-

enhanced accumulation of diffused air beneath the

HAEV ceramic disc and to the progressive clogging

of the ceramic disc due to cation exchange effects

through water (Romero et al. 2001b). If relative

humidity is not adequately controlled, then water

phase changes—i.e., evaporative fluxes between the

soil and the air pressure chamber—are not controlled

and a progressive drying of the sample can occur.

Vapour transfer between the soil upper surface and

the air pressure chamber can be minimised with a

vapour trap that maintains a high relative humidity in

the chamber (Fig. 12).

Taı̈bi et al. (2005) presented a thermal triaxial cell

specially adapted to use the osmotic technique to

control suction (Fig. 13) based on the osmotic triaxial

apparatus of Delage et al. (1987). Regarding the

application of the osmotic technique at high temper-

atures, some problems that are currently under study

are related to the changes of the physical properties of

the dialysis membrane with temperature (microstruc-

tural and possible pore size changes) and to the thermal

sensitivity of the polyethylene glycol solution (thermal

dilation and activity, Taı̈bi et al. 2005). In spite of these

limitations, the technique is very promising with

regard to the extension of the range for matrix suction

application and to the study of the thermo-hydro-

mechanical response of nearly saturated soils.

Finally, the application of the vapour equilibrium

technique at elevated temperatures has been recently

used within different contexts, in order to extend the

range of suction application. Romero et al. (2001a),

Villar and Lloret (2004), Villar et al. (2005a) and

Tang and Cui (2005) used this technique to study the

water retention curves of high-active clays at differ-

ent temperatures, in which soil samples were placed

on a rigid grid above a saline solution inside a

desiccator that was installed inside a thermostatically

controlled chamber. Romero and Li (2005) and Villar

and Lloret (2006) implemented the vapour equilib-

rium technique in oedometer cells to study the

thermo-hydro-mechanical behaviour of active par-

tially saturated clays at high temperature. The relative

Fig. 12 Schematic layout of the experimental system and

oedometer cell with simultaneous control of suction with axis

translation and temperature (Romero et al. 2003)

Fig. 13 Triaxial cell with controlled temperature and suction

by osmotic technique (Taı̈bi et al. 2005). 1: Osmotic solution

chamber. 2: Dialysis membrane. 3: Neoprene membrane. 4:

Sample. 5: Collar heating. 6: Force sensor. 7: Displacement

sensor. 8: Purge and thermostat. 9: PEG solution tank. 10:

Thermostated bath. 11: Pump. 12: Pressure transducer. 13:

Capillary tube. 14: GDS controller. 15: Electrical connector.

16: Pt100 temperature Probe. 17: Temperature regulator. 18:

Air trap. 19: Osmotic pedestal. 20: Thermocouple. 21:

Mechanical loading frame
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humidity applied by saturated saline solutions varies

with temperature, and this variation must be cali-

brated prior to testing, as shown in Fig. 14. This

Figure presents careful calibration results compared

to reported data by different authors. In this regard,

Tang and Cui (2005) used an experimental setup

(Fig. 15) in which a high sensitivity hygrometer and a

dew point sensor placed in a constant-temperature

water bath were used to measure the relative humid-

ity at various temperatures. One of the main

drawbacks of this technique refers to the long term

required to reach equilibrium that can be reduced

significantly using a forced convection system to

transport humid air (Pintado 2002; Marcial 2003). In

this last procedure, a pneumatic pump is used to

transfer to the soil the humid air generated in a flask

that contains a saturated saline solution to regulate

the relative humidity. However, when using this last

procedure at high relative humidity values and under

a temperature field, small variations of temperature

between the reference system and the soil can induce

relative humidity changes due to temperature effects

on the saturated vapour pressure and to the proximity

to the dew point temperature.

3.4 Gas Permeability

As mentioned earlier, an important design and

research issue in the long term behaviour of waste

isolation is the gas generation and migration phe-

nomena arising from metal container corrosion and

biogenic gas generation from organic matter decom-

position. Laboratory experiments have contributed,

jointly with large scale experiments and theoretical/

numerical developments, to provide sound knowl-

edge of the mechanisms of gas transport through

saturated or partially saturated compacted clay-based

barriers and rock formations.

Gas transport through partially saturated soils is

not only controlled by the intrinsic permeability and

the degree of saturation of the material, but also by

the stress state and the stress history (dilatancy-

controlled permeability for example), by the micro-

structure, the temperature and the strength of the

material. In this way, tests to study gas permeability

must not only be focused on the mere passage of gas

through the soil mass, but also on well-posed

equipment that are able to apply stress paths by

controlling suction and net stress.

The following gas migration mechanisms are

usually assumed, which can be simultaneously pres-

ent in a given material at variable degrees of

importance and involving single phase (either liquid

or gas) or two phase flow transport (Alonso et al.

Fig. 14 Changes in relative humidity with temperature for

different saturated salt solutions. Comparison of results

presented by different authors. (Tang and Cui 2005)

Fig. 15 Experimental setup to apply and calibrate relative

humidity generated by a saturated salt solution at different

temperatures (Tang and Cui 2005)
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2002; Ortiz et al. 2002; Graham et al. 2002; Marshall

et al. 2005):

– Gas migrates through the saturated clay trans-

ported in the pore water. In this advective-

diffusive transport mechanism, gas dissolution

in porewater and gas diffusion mechanisms play

an important role in the gas transport and mass

balance equations. Even at fully saturated state,

the gas pressure is defined and assumed as the

value it had at the time of saturation (Alonso et al.

2002). Test setups under saturated conditions are

usually devoted to seek diffusion coefficients in

water, tortuosity, air-filled and total accessible

porosity effects, as well as the efficiency of the

diffusion and consumption rate coefficients

(Moldrup et al. 2000). Gas diffusion tests have

been addressed within the context of oxygen-

limiting covers for reactive mine tailings (Mbon-

impa et al. 2003) and of the diffusion of hydrogen

through highly compacted clay barriers for high-

level radioactive waste disposal (Volckaert et al.

1995; Lassabatère et al. 2004). A testing setup for

the measurement of the diffusion of oxygen

through a soil is shown in Fig. 16. The setup

includes measuring devices in the source and in

the collecting reservoirs (Aubertin and Mbonimpa

2001).

– Gas flows through the clay mass, partially

displacing the pore water. This capillary mecha-

nism implies a two-phase advective flow. In this

approach, once the gas entry pressure has been

exceeded, the gas mobility is assumed to be

controlled by the intrinsic permeability, the air/

water relative permeability, and the water reten-

tion properties (Ortiz et al. 2002; Marshall et al.

2005). However, under the same accessible

porosity to gas, gas permeability is also very

sensitive to intrinsic permeability variations

induced by the suction (hydraulic) history and

its effect on the pore size distribution changes of

the material (Villar and Lloret 2001; Romero

et al. 2005), when testing high active clays under

partially saturated conditions. In addition, soil

non-homogeneity may also induce preferential

paths of gas migration leading to an increase of

the pore space and a change in the suction—

saturation relationship. Different laboratory

equipment, including oedometer, isotropic and

triaxial cells have been used to determine the

basic properties of the two-phase flow through

compacted clayey soils, using constant gas

pressure, gas pressure decay methods and con-

stant gas volumetric rate as the gas inlet boundary

conditions. Gas permeability test apparatuses

under controlled-suction conditions have been

described by Kamiya et al. (2005, 2006) using

constant gas pressure conditions and by Delage

et al. (1998b), Romero et al. (2005) and Villar

et al. (2005b) using the gas pressure decay

method from a constant volume vessel as initially

proposed by Yoshimi and Osterberg (1963). In

this last procedure, pressure decay in a tank is

recorded and interpreted through an expression

that assumes that the air in the tank undergoes

isothermal expansion. Figure 17 presents a gas

permeability setup under oedometer conditions

with constant gas pressures for testing partially

Fig. 16 Scheme of a cell to

measure oxygen diffusion

flow through a soil. Oxygen

measuring devices in the

source and in the collecting

reservoirs (Aubertin and

Mbonimpa 2001)
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saturated soils using a vacuum pump to apply

suction (Kamiya et al. 2005). Figure 18 presents

an alternative experimental layout for gas perme-

ability determination under partially saturated

conditions using gas pressure decay methodology,

in which suction is applied by axis translation.

– Gas flows through cracks, fissures, compaction

planes and interfaces, which are activated by the

gas pressure. It is assumed that gas migrates

through preferential pathways, the directions of

which are expected to be perpendicular to the

minor total principal stress component (Ortiz

et al. 2002). Gas flow through these fractures can

be seen as a dominant single-phase flow process

in which no important desaturation of the material

is expected—no water displacement is occurring

inside the specimen (Horseman et al. 1999; Ortiz

et al. 2002; Marshall et al. 2005). This mecha-

nism of propagation is linked to the establishment

of flow laws through discontinuities and to the

development of fracture criteria to follow crack

initiation and propagation. In this way, hydro-

mechanical coupling is an important issue—the

thickness of the induced air passage of higher

transmissibility depends on the stress state and the

stiffness of the soil around the passage (Alonso

et al. 2002). Gas breakthrough experiments at

laboratory scale have been mainly devoted to the

study of the effects of volumetric gas injection

rate, applied gas pressure, time to breakthrough,

of the steady state situation that follows the first

passage of gas (post-breakthrough gas migration),

of peak pressures and peak discharge rates,

outgoing pressure and outflow volumetric gas

rates, confining stress, specimen density and

degree of saturation. Gas breakthrough phenom-

ena due to the aperture of high conductivity

pathways are usually detected at the peak injec-

tion pressure or after a sudden increase in the gas

outflow measured downstream of the sample. In

addition, flow visualization of the gas pathways

of higher conductivity is also an important issue,

which has attracted recent attention. Different

techniques, such as electric impedance tomogra-

phy (Borsic et al. 2005) and the use of gas tracers

have been proposed for the detection of gas flow

paths. Experimental research on this topic, in

which a constant gas injection rate has been used

to increase the gas pressure to the point of

breakthrough, has been reported by Horseman

et al. (1999) on saturated soils using isotropic

stress conditions, and by Gallé (2000), Hume

(1999) and Graham et al. (2002) using constant

volume oedometer cells. Figure 19 shows a

scheme of the experimental gas migration testing

system for gas breakthrough pressure determina-

tion with constant volumetric gas injection rate.

Regarding unsaturated soils, Gallé (2000) and

Graham et al. (2002) obtained gas breakthrough

pressures for various degrees of saturation and

dry densities. They observed that the break-

through pressure increases as the degree of

soil sample 
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ring 

air pressure meter,ha2 

air pressure meter 
ha1 

burette 

vacuum pump 

air

air

air compressor 

: regulator 

: sensor meter 
porous plate 

suction meter, s

air flow meter, 
qa

: valve 

cell 

Fig. 17 Diagram of gas permeability test apparatus with

constant gas pressure and vacuum pump to control suction

(Kamiya et al. 2005)
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Fig. 18 Controlled-suction isotropic cell with axis translation

technique and experimental layout for gas pressure decay

method to determine gas permeability (Romero et al. 2005)
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saturation increases, the increase being more

sudden—the resistance to gas migration increases

sharply—at degrees of saturation higher than 95%

as shown in Fig. 20 for a wide range of bentonite

dry densities varying from 0.95 to 1.45 Mg/m3.

3.5 Chemical Aspects

In saturated soils, the interaction between a chemical

compound and a soil is investigated by determining

the adsorption isotherms that give the amount of

adsorbed chemical compound as a function of its

concentration in a solution that also contains some

quantity of remoulded soil. This technique does not

account for any microstructure effect since it is

carried out in batch configurations.

Adsorption in unsaturated soils is most often

investigated in sands by using instrumented columns

of unsaturated sand in which a solution containing

either one or various pollutants are infiltrated (Rowe

and Badv 1996). In these experiments, the evolution

of various profiles with time is monitored: TDR

probes are frequently used in recent works for water

content profiles and tensiometers are used for mea-

suring low suctions (\80 kPa). The profile of

chemical concentration is followed by using electri-

cal conductivity probes previously calibrated in the

soil used. The elution curves (also called break-

through curves) that give the changes in

concentration with time in the water outflow are

determined by standard concentration measurements

made on the water flowing out at the bottom of the

column. Figure 21 (Nützmann et al. 2002) shows a

column infiltration test (internal diameter 206 mm,

height 1.5 m) in which a chloride solution was

infiltrated from the top at a controlled rate. The figure

shows the disposition of the TDR probes (Ti in the

Figure) and platinum probes (Ci,i) used for the

electrical conductivity measurements. This work

was carried out to investigate the influence of the

effect of partial saturation on the transfer of pollu-

tants. Due to a higher variability of flow directions

and microscopic velocities, an increased dispersion

was observed in unsaturated sands with a linear

relationship between the coefficient of hydrodynamic

dispersion and the velocity. As compared with the

previous techniques, Inoue et al. (2005) proposed an

original approach based on the image analysis of an

infiltration column in which dye tracers are infiltrated

in an unsaturated porous medium made up of glass

beads. These authors derived the dispersion coeffi-

cient and dispersivity of the medium.

As commented by Delolme et al. (2004), the

interactions between heavy metals and soil compo-

nents have been described by many authors (e.g.

Bourg 1988; Evans 1989; Yong et al. 1992). Interest

about the retention and transfer properties of heavy

metals into unsaturated soils has been driven by the

development of infiltration basins to evacuate urban

stormwater as an alternative to directing it towards

urban drainage systems. Infiltration occurs through

the bottom of the basins that is often composed of

coarse sand and it is necessary to investigate the

metal transfer properties in the sand. In this case also,

infiltration column tests with controlled infiltration

rates are carried out. However, due to the difficulty of

Fig. 19 Experimental setup of a gas migration system with

controlled gas injection rate and a constant volume oedometer

cell (Tanai et al. 1997; Gallé 2000)
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Fig. 20 Breakthrough pressures on bentonite (clay dry densi-

ties varying between 0.95 and 1.45 Mg/m3) as a function of

degree of saturation (Graham et al. 2002)
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directly monitoring the changes in metal content

inside the sample, retention phenomena are consid-

ered through a comparison between the entering and

eluted concentrations that are interpreted using back

analysis. The adsorption of metal on some reactive

site on the silica surface of the sand grains (previ-

ously washed with acids) has been identified.

Figure 22 (Alimi-Ichola and Gaidi 2005) pre-

sents the results of a column test carried out by

infiltrating a leachate through compacted clay.

Contrary to the tests on sand columns, this test

also accounts for possible adsorption of chemical

compounds on clay minerals. TDR and electrical

conductivity probes have been used to determine

water contents and impedance profiles, with previ-

ous calibration of the electrical conductivity of the

soil and the leachate. In this figure, the comparison

between the profiles gives some interesting infor-

mation on possible retardation factors and on the

combined effects of convection and diffusion on the

movement of the solute in an unsaturated com-

pacted soil.

Fig. 21 Infiltration column

in which a chloride solution

has been infiltrated in an

unsaturated sand

(Nützmann et al. 2002)

(T: TDR probe, C platinum

probe)
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Fig. 22 Simultaneous profiles of water content and impedance, compacted clay infiltrated by a leachate (Alimi-Ichola and Gaidi

2005)
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Chemical effects on the behaviour of engineered

barriers used in nuclear waste disposal have also been

investigated since it is well known that the hydro-

mechanical behaviour of smectites is sensitive to the

changes in concentration of the pore water and to the

valence of the dissolved ions (Di Maio 1996; Marcial

et al. 2002; Musso et al. 2003). In this regard, Mata

et al. (2002) examined the effect of pore water

salinity on the retention properties of a sand/bentonite

mixture by using transistor psychrometers (Wood-

burn and Lucas 1995) to measure total suction. The

effect of water salinity on compacted bentonite was

also examined by Castellanos et al. (2006) and Villar

(2006) who infiltrated compacted specimens with

water at various salt concentrations, confirming the

reduction of swelling and showing an increase in

permeability with increased concentration.

4 Concluding Remarks

Unsaturated soils are involved in geoenvironmental

problems such as soil contamination or waste

disposal. Experimental unsaturated soil mechanics,

that commonly faces the difficulty of investigating

hydromechanical couplings and water retention and

transfer properties, appears to be a sound basis to

extend experimental investigations to the complex

problems that are typical of geoenvironmental engi-

neering. Conversely, some techniques used in

saturated soils in disciplines also concerned with

geoenvironmental problems (hydrology, soil science)

appear to be adaptable to unsaturated soils. As shown

in this paper, significant extension has been con-

ducted to investigate the retention and transfer

properties of non miscible liquids (NAPL) and

chemical species in unsaturated soils, also accounting

for temperature effects and gas formation and

migration. In this regard, recent investigations carried

out in the particular field of high activity nuclear

waste disposal certainly provided significant

advances. Many techniques are now available and

their use to improve the practice of soil decontam-

ination and perennial waste disposal will probably

appear to be quite fruitful in the future.
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Nützmann G, Maciejewski S, Joswig K (2002) Estimation of

water saturation dependence of dispersion in unsaturated

porous media: experiments and modelling analysis. Adv

Water Resour 25:565–576

Oostrom M, Hofstee C, Lenhard RJ, Wietsma TW (2003) Flow

behaviour and residual saturation formation of liquid

carbon tetrachloride in unsaturated heterogeneous porous

media. J Contam Hydrol 64:93–112

Ortiz L, Volckaert G, Mallants D (2002) Gas generation and

migration in Boom clay, a potential host rock formation

for nuclear waste storage. Eng Geol 64:287–296

Oteo Mazo C, Saez Aunon J, Esteban F (1996) Laboratory tests

and equipment with suction control. In: Alonso EE, De-

lage P (eds), Proceedings of the 1st international

conference on unsaturated soils UNSAT’95 3, Paris,

Balkema, Rotterdam, pp 1509–1515

Pantazidou M, Sitar N (1993) Emplacement of nonaqueous

liquids in the vadose zone. Water Resour Res 29:705–722

Pantazidou M, Abu-Hassanein ZS, Riemer M (2000) Centri-

fuge study of DNAPL transport in granular media. J

Geotech Geoenv Eng 126(2):105–115

Pintado X (2002) Caracterización del comportamiento termo-hi-

dro-mecánico de arcillas expansivas. PhD Thesis, Universitat
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69:37–56

Reible DD, Illangasekare TH, Doshi DV, Malheit ME (1990)

Infiltration of immiscible contaminant in the unsaturated

zone. Groundwater 28:685–692

Romero E, Li XL (2005) Thermo-hydro-mechanical tests using

vapour and liquid transfer on a clay-based mixture. In:

Tarantino A, Romero E, Cui YJ (eds) Proceedings of the

international symposium on advanced experimental

unsaturated soil mechanics. June 27–29, 2005, Trento,

Italy. Taylor & Francis Group, London, pp 483–488

Romero E, Gens A, Lloret A (2001a) Temperature effects on

the hydraulic behaviour of an unsaturated clay. Geotech

Geol Eng 19: 311–332

Romero E, Gens A, Lloret A (2001b) Laboratory testing of

unsaturated soils under simultaneous suction and tem-

perature control. Proceedings of the 15th international

conference on soil mechanical and geotechnical and

engineering, Istambul. A.A. Balkema/Swets & Zeitlinger

B.V., Lisse, vol. 1, pp 19–622

Romero E, Gens A, Lloret A (2003) Suction effects on a

compacted clay under non-isothermal conditions. Géo-
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non saturé. Can Geotech J 28:42–50

Saix C, Jouanna P (1990) Appareil triaxial pour l’étude du

comportement thermique d’un sol non saturé. Can Geo-
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Abstract This paper presents a review of techniques

for field measurement of suction, water content, and

water hydraulic conductivity (permeability). Main

problems in the use of field tensiometers are addressed

and hints on how to improve tensiometer performance

are given. Advantages and limitations of instruments

for indirect measurement of suction including elec-

trical conductivity sensors, thermal conductivity

sensors, dielectric permittivity sensors, filter paper,

and psychrometer are discussed. Techniques for water

content measurement based on dielectric methods are

then presented. These include time and amplitude

domain reflectometry and capacitance. Finally, a brief

overview of methods for measurement of water

permeability in the field is presented.

Keywords Field monitoring � Partially saturated

soil � Suction � Water content � Tensiometer �
Porous block sensors � Psychrometer �

Filter paper � TDR sensor � ADR sensor �
Capacitance sensor

1 Introduction

The state of knowledge in experimental and theoret-

ical unsaturated soil mechanics is ripe for transferring

unsaturated soil concepts into engineering practice. In

recent years, significant progress has been made in

laboratory and field testing (Ridley and Burland 1993;

Ridley and Wray 1996; Romero 1999; Delage 2004),

constitutive modelling (Alonso et al. 1990; Vaunat

et al. 2000; Gallipoli et al. 2003) and numerical

modelling (Olivella et al. 1996; Gatmiri and Delage

1997; Gatmiri et al. 1997; Alonso et al. 1998). In

addition, commercial software for modelling the

hydro-mechanical coupled behaviour of unsaturated

soils has become available. However, the implemen-

tation of unsaturated soil mechanics into engineering

practice is hampered by lack of field data, needed to

assess the capability of models and approaches.

Variables controlling the hydro-mechanical behav-

iour of unsaturated soils include soil variables such as

suction, water content, and temperature and also

boundary variables such as precipitation, air tempera-

ture, air relative humidity, wind speed, total and net solar

radiation. This report will focus on the soil variables

whereas boundary variables are examined in another

report in this issue (Cui and Zornberg, this issue).
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Reviews of techniques for direct and indirect

suction measurement have been presented by Marin-

ho et al. (this issue) and Bulut and Leong (this issue)

respectively. Although these methods have been

discussed with reference to laboratory measurement,

basic working principles, capabilities, and limitations

of these techniques generally apply also to field

measurement. This report will then focus on prob-

lems specific to field applications.

On the other hand, measurement of water content

based on dielectric methods is exclusively discussed

in this report and much room will be given to these

methods. Numerous reviews have been published in

the literature on dielectric methods (O’Connor and

Dowding 1999; Gardner et al. 2001; Noborio 2001;

Dane and Topp 2002; Jones et al. 2002; Robinson

et al. 2003a). Here, an attempt is made to provide the

essential elements of the dielectric methods and to

help new users to systematize the large information

available in the literature in several hundreds of

technical papers. The overview will be limited to

conventional practice as advanced use of these

techniques requires knowledge which is generally

outside the geotechnical engineer’s background.

Measurement techniques based on neutron method

will not be discussed herein. Radiation hazard

precludes semipermanent installation and hence

automation, and acquisition, use, transport, storage

and eventual disposal of neutron probe is subject to

strict regulation because of the potential hazard to

human health and the environment. Nowadays, the

neutron method tends to be replaced by dielectric

methods. The reader may refer to the literature for

further details (Gardner et al. 2001; Hignett and Evett

2002).

Finally, a brief overview for methods to determine

the hydraulic conductivity in the field is presented.

Again, methods for investigating the hydraulic

conductivity in the laboratory have been discussed

in a separate report (Masrouri et al., this issue) and

only applications to field measurement will be

discussed.

2 Direct Measurement of Suction

The instruments used for measuring pore water

pressures are called piezometers. Where piezometers

have been specifically designed for measuring water

stress states that are below the prevailing atmospheric

pressure condition the devices have been given the

specific name of tensiometers.

The essential components of both piezometers and

tensiometers are the same, namely: a porous filter; a

reservoir of liquid (usually water) and a means of

measuring stress. Piezometers and tensiometers work

by allowing water to move between the water

reservoir of the instrument and the soil until the

water stress state in both is equal. If the porous filter

is located below the prevailing ground water table,

water will flow from the ground into the instrument

causing a positive pressure to develop in the reservoir

of liquid. If the porous filter is located above the

prevailing ground water table, water can be drawn out

of the instrument and into the soil, causing tension to

develop in the reservoir of liquid.

To function correctly in the field, tensiometers

require a forth component: a means of removing air

(if it forms) from the reservoir of liquid. In addition,

to maximise the range of measurements in the field it

is necessary to establish a system in which the

pressure sensor and the porous filter are located at the

same elevation. These two aspects of field tensiom-

eters have not always been appreciated and continue

to give the most problems for the measurement of

suctions in the field.

2.1 Historical Development of Tensiometers

2.1.1 Pre 1950 Tensiometers

The first tensiometers were developed in the early

1900’s (Livingston 1908; Lynde and Dupre 1913).

They were developed to investigate the capillary

tensions generated in soil by small plants as they

grew. In 1928, Richards (1928) developed a tensi-

ometer, which for the first time took the classic

features and shape that have been commonly adopted

since (see Fig. 1). It consisted of a porous filter

formed out of ceramic material and a reservoir of

water connected to a mercury manometer. Air could

be removed from Richards’ tensiometer by removing

a rubber bung at the top of the porous filter and

refilling the system with de-aired water. Through the

1930s and 1940s Richards reported many improve-

ments to tensiometers and covered many of the

essential aspects of their design (Richards et al. 1937;

Richards 1942, 1949).
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2.1.2 Tensiometers in the 1950’s and 1960’s

In the 1950’s the significance of pore water tensions

began to be appreciated by engineers and workers at

the Road Research Laboratory started to investigate

the movement of water in soil beneath paved areas.

Black et al. (1958) published a hugely underestimated

piece of work on this subject. Their report presented a

tensiometer (Fig. 2) with all the classic features,

which was capable of continuous measurements of

pore water tensions as high as 90 kPa. However, the

most significant aspect of their publication was an

acknowledgement of tensile measurements as high as

60 ft of water (about 200 kPa). The ability to record

tensions hitherto unrecognised in the field of soil

mechanics was attributed to the use of very fine

porous filters, although the means of filling the

tensiometers with water was almost certainly a

contributory factor. Previously de-aired water was

introduced into the tensiometers by drawing it through

the very fine porous filters using a vacuum, thus

avoiding the possibility of trapping air within the

tensiometer. Without any trapped air in the tensiom-

eter and with a fine grained porous filter, which was

capable of inhibiting air from entering into the

reservoir of de-aired water, the water could sustain

tensions greater than those normally associated with

nucleation. Unfortunately, the possibility that water

could sustain tensions greater than 1 atmosphere

(approximately 100 kPa) was, at the time, not prop-

erly understood and it would be another four decades

before this property of water could be properly

exploited for the measurement of soil suctions.

Bishop et al. (1964) introduced a piezometer for

use in the compacted fills of earth dams with a

flushing system for removing air from the piezometer

(Fig. 3). They noted that the hydraulic tensions

in their piezometers would gradually reduce as air

diffused through the porous filters, thereby replacing

the liquid in the piezometers. By removing the air they

were able to record tensions close to those that had

been measured before the air had formed (Fig. 4). The

magnitude of the hydraulic tension that could be

measured by the Bishop ‘‘twin-tube’’ piezometer was

reduced by increases in the elevation separating the

porous filter and the pressure sensor (in this case a

Bourdon gauge) and was limited by the porosity of the

porous filter. To maximise the range of the measure-

ments Bishop placed the gauge at the same level as the

porous filter and ran the tubes, used for circulating the

water and removing the air, horizontally through the

fill. Problems were introduced however when settle-

ments caused variations in elevation along the tubes.

In extreme circumstances the strains introduced

would break the tubes but more seriously the variation

in elevation made it difficult to remove air from the

piezometers.

2.1.3 Tensiometers in the 1970’s and 1980’s

During the 1970s and 1980s various instruments

evolved from the Bishop apparatus, which used small

bore tubing to connect a porous filter to a Bourdon

gauge (e.g. Fig. 5). Sweeney (1982) used this method

to successfully make discrete measurements inside a

deep shaft, thereby overcoming the range limitation

caused by elevation differences and simplifying the

de-airing procedure. Chipp et al. (1982) linked a series

of porous filters to a single electrical pressure sensor

using a rotating valve (known as a scanivalve), which

connected the small bore tubing of each measuring

filter in turn to the pressure sensor and isolated the

remaining tubes (Fig. 6). Air was removed manually

from the space behind the porous filter through a bleed

tube. Measurements up to 60 kPa were recorded, but

problems were encountered because of leakage as the

scanivalve was rotated. Moreover, deep measurements

were only possible by installing tensiometers at

discrete depths inside an exploratory shaft.

At the same time technology drifted back towards

the measurement of soil suction for agricultural

purposes. A range of tensiometers was developed

for the measurement of suctions in the range 0 to

Fig. 1 An early tensiometer (after Richards 1928)
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40 kPa. This is the range over which crops grow best.

At suctions greater than 40 kPa cereals struggle to

remove moisture from soil, whereas if the suction

becomes zero the soil becomes waterlogged and the

crops die. Therefore the requirement for limiting the

elevation separating the porous filter and the pressure

sensor became less important and elevation differ-

ences of up to 3 m became acceptable without

reducing the range below that for which the instru-

ment had been designed. The so called ‘‘jet-fill’’

tensiometer (Fig. 7) is named because of the supple-

mentary reservoir located at the top of the instrument,

which is used to allow air to escape and the reservoir

of water to be re-filled. Ridley et al. (1998) showed

that the useful range of these tensiometers was really

only 0 to 50 kPa for an instrument that was 1.5 m in

length, because at suctions greater than 50 kPa the

formation of air in the instrument becomes uncon-

trollable and too rapid to be removed manually.

Scotto di Santolo et al. (2005) reported similar

results. Moreover if the formation of air is not

arrested, the tensiometer eventually becomes com-

pletely dry and the gauge indicates a tension of zero.

This can easily be confused with a real measurement

of zero, which would be indicative of ‘‘wet’’ condi-

tions and obviously grossly incorrect.

2.2 Recent Developments in Tensiometers

In the 1990s the range of measurements was maxi-

mised by once again placing the pressure sensor at

the same depth as the porous filter. Öberg (1995) used

BAT piezometers to measure suctions at depths of

20 m. In the BAT piezometer the pressure sensor is

Fig. 2 Tensiometer

developed by the Road

Research Laboratory (after

Black et al. 1958)
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linked to the reservoir of water through a hyperder-

mic needle (Fig. 8). The process used to remove air

from these piezometers involves the application of a

vacuum in situ, which draws air from the reservoir of

water. Ridley and Burland (1993) introduced the

concept of measuring suctions greater than 100 kPa.

Ridley and Burland (1995) presented a new tensiom-

eter, which could measure suctions up to 1,500 kPa

(Fig. 9). The new tensiometers use a combination of

fine porous filters (capable of remaining saturated to

1,500 kPa) and a technique of preconditioning the

instrument (previously used by physicists to apply

and measure tension in water) by pressurising the

water in the instrument to very high pressures (e.g.

4,000 kPa). The hydraulic tension can then be

maintained in the tensiometers whilst they remain

saturated. If air forms in the reservoir of the

tensiometer the tension will reduce instantly to -1

Atmosphere and the water in the tensiometer must be

re-pressurised. A technique was developed (Ridley

and Burland 1996) for placing the new tensiometers

at depths up to 5 m. However, to remove air from the

tensiometers using the pressurisation technique, it is

necessary to remove them from the ground. Recent

developments by Cui et al. (2008) and Mendes et al.

(2008) show that tensiometers can be left insitu for

long-term measurements.

Ridley et al. (2003) introduced a refinement of the

Bishop ‘‘twin-tube’’ piezometer (Fig. 10) in which

the pressure sensor is located adjacent to the porous

filter and in which the tubes used to remove air from

the piezometer and introduce fresh de-aired water

can be isolated by a valve close to the filter and the

sensor, thereby maximising the range of measure-

ments irrespective of the depth to which the filter

and the sensor are installed. These piezometers are

installed in boreholes, which are subsequently filled

with a cement-bentonite grout. Therefore they can

be installed throughout a site without the need for

expensive shafts. The grout acts as a secondary filter

for transmitting the negative pore water pressures

from the soil to the piezometer. If it is designed

correctly the grout will not desaturate until the suction

is equal to or greater than 100 kPa and therefore it

Fig. 3 A twin-tube flushable piezometer (after Bishop et al.

1964)
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will not restrict the range of suctions that can be

measured by the tensiometers. Moreover, if the

piezometer has a small volume of water it is easy to

show that, for a wide range of soils, the permeability

of the grout will not influence the response of the

piezometer to changes of pore water pressure. Table 1

shows the air entry values and permeabilities of three

grout mixes together with the typical properties of a

porous ceramic filter. Figure 11 shows a measurement

of -80 kPa at a depth of 6 m in clay fill, which

demonstrates that the new piezometers can be used to

measure suctions up to 100 kPa at any depth. The new

piezometers also respond rapidly to changes of pore

water pressure (see Fig. 12). This can be particularly

important in environments where the ground has a

relatively high permeability and intensive rain storm

events occur. Such events can cause temporary rises

of pore water pressure, which are capable of inducing

conditions that can bring about instability in slopes.

The new piezometer is better suited to these situations

than conventional tensiometers, which may not

respond rapidly enough to detect such rapid rises of

pore water pressure (Evans and Lam 2003).

2.3 Recommendations

To summarise the principal problems when making

suction measurements in the field are (i) inhibiting air

forming in the tensiometers as the suctions are

measured, (ii) removing the air if it does form and

(iii) maximising the range of suction measurements.

Air can be inhibited from forming by (a) using a high

air entry ceramic filter, (b) minimising the volume of

water in the tensiometer and (c) pre-pressurising the

water in the tensiometer. Unfortunately minimising

the volume of water would make removing air from

the tensiometer difficult and pre-pressurising the

water is difficult to do without removing the tensi-

ometer from the ground. Therefore, until recently,

continuous field measurements of suction using

tensiometers were restricted to the low suction range

(i.e. less than 90 kPa). There are a wide variety of

suitable instruments for doing this, but many of them

require a shaft to be constructed in order to maximise

the range of measurements that can be made. Ideally

the three essential components (the pressure sensor,

the reservoir of water and the porous filter) should be

located as close as possible to each other and the

volume of water in the piezometer should be as small

as possible whilst allowing the incorporation of a

system for removing air from the tensiometer. A new

piezometer has been introduced (Ridley et al. 2003)

that has all of these attributes, can measure negative

pore water pressures to -95 kPa and positive pres-

sures up to 65 kPa. Finally, it is essential that there is

continuity between the soil water and the water in the

piezometer at all times. Cement-bentonite grout has

been shown to work well in this respect, remaining

saturated to suctions in excess of 100 kPa.

3 Indirect Measurement of Suction

This section aims at updating the state-of-the-art

report by Ridley and Wray (1996) who have

Fig. 5 Small tip

tensiometer with flexible

tubing (from Soilmoisture

Equipment Corporation)
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previously reported on techniques for indirect mea-

surement of suction. Reference should also be made

to the report by Bulut and Leong (this issue) who

describe the devices and their operating principles.

This section focuses on field applications using three

main types of device for indirect measurement of

suction: porous block sensors which include electrical

conductivity, thermal conductivity and dielectric

permittivity (equitensiometer) sensors, filter paper

methods and psychrometers.

3.1 Electrical Conductivity Sensor

Electrical conductivity sensors rely on the measure-

ment of the electrical conductivity of the porous

block which is related to the water content of the

block. The porous element is either of gypsum or a

granular matrix of silt size (WatermarkTM sensors).

Such devices are generally inexpensive, but are more

suitable for trend measurement rather than accurate

determinate of suction.

Electrical conductivity is affected by soil salinity

(Aitchison et al. 1951), so calibrations for these

devices are needed to take account of saline soils.

Gypsum blocks have the advantage that they tend to

buffer the soil salinity thereby decreasing this effect.

They do this by dissolution of the gypsum, which

means that gypsum block sensors have a limited life.

Skinner et al. (1997) suggest a life of 5 years in

alkaline or neutral soils but they usually need to be

replaced every 2–3 years in acid soils. Johnston (2000)

reports that suctions recorded with gypsum blocks at

two field sites compared favourably with filter paper

estimates for suction, provided the blocks were

individually calibrated (range -20 to -2,100 kPa).

Fig. 6 Scanivalve system

for reading and de-airing

multiple tensiometers (after

Chipp et al. 1982)
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Since porous block sensors have to reach a suction

equilibrium with the surrounding soil there can be a

lag time (2–3 weeks) in establishing a suction

reading. This makes them unsuitable for use in a

rapidly changing moisture environment (Aitchison

and Richards 1965). Similarly Bertolino et al. (2002)

showed that the response of Watermark sensors is

slow compared to tensiometers (lags by about

2 days). However, the results obtained from the two

types of device were similar.

Fig. 7 A ‘‘jet-fill’’ vacuum

gauge tensiometer

(Soilmoisture Equipment

Corp., Santa Barbara, CA)

Fig. 8 A BAT piezometer

(BAT Geosystems AB,

Vallentuna, Sweden)
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3.2 Thermal Conductivity Sensor

Thermal conductivity sensors rely on the measure-

ment of the water content of the block by

measurement of the temperature rise induced by a

heater embedded in the centre of the porous block.

Early use of these devices by Oloo and Fredlund

(1995) showed a high failure rate of sensors for field

trials in Kenya (50% failed within 1 year). However,

there have been successful field studies. O’Kane et al.

(1998) report suctions measured in excess of 400 kPa

which showed sensible responses to rainfall. Ng et al.

(2003) show general agreement between thermal

conductivity sensors and tensiometers (suction around

20 kPa) although one sensor showed a significantly

higher value (250 kPa).

As with other porous block sensors, equalisation

between the block and the surrounding soil can be a

slow process. Shuai and Fredlund (2000) show that

full equalisation time can be about 2 weeks although

a dry sensor may only take 4 days. Ng et al. (2003)

show that thermal conductivity sensors showed a

slower response (2 days lag) compared to tensiome-

ters. In addition, these devices need corrections for

temperature changes and hysteresis (Flint et al. 2002;

Feng and Fredlund 2003). Nichol et al. (2003) also

identified problems with drifting of readings which

they attributed to be due either to ‘‘relaxation’’ when

operated at low matric suctions or alteration of the

ceramic over time.

3.3 Dielectric Permittivity Sensors

(Equitensiometer)

The Equitensiometer is a new device that uses a

‘‘specially formulated porous matric material’’

(Delta-T 2005) which is intended to eliminate

hysteretic behaviour between drying and wetting. A

ThetaProbe sensor is used to measure the water

content of the porous block. The manufacturers

suggest that pressure equalisation takes place at

6 kPa/h but that it is unsuitable for use in saline soils.

Mahler et al. (2004) report that the equitensiometer

shows agreement with a high-suction tensiometer to

-300 kPa. However, Ireson et al. (2005) shows that

the Equitensiometer cannot be used for low suctions

(less than -10 kPa). Comparisons with tensiometer

data between -10 kPa and -80 kPa correspond

reasonably well, but they suggest there may be some

hysteresis in the sensor.

3.4 Filter Paper Measurements

While filter paper techniques have been widely

adopted for laboratory testing, there are severe

difficulties in using the method in the field. Greacen

et al. (1987) first described equipment for field

Table 1 Properties of cement grouts and a typical porous

ceramic filter

Water:Cement ratio* Air entry

value (kPa)

Hydraulic

conductivity (m/s)

4:3 70 2.0 9 10-8

1:1 172 4.5 9 10-10

2:3 650 3.1 9 10-11

1 bar porous ceramic 170 8.6 9 10-8

* 4–7% bentonite added to prevent bleed

Fig. 9 A high range tensiometer (suction probe) (Ridley and

Burland 1996)

Fig. 10 A flushable piezometer with extended range (after

Ridley et al. 2003)
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measurement using filter paper but Campbell and Gee

(1986) identified a number of sources of error

(equilibration time, temperature differences between

soil and filter paper). Nevertheless, a field probe for

filter paper measurements was developed by Crilley

et al. (1991). This was based on non-contact (total

suction) measurement and was used in studies in the

UK and in Kenya (Waweru 1990; Gourley and

Schreiner 1995). Wang and Lao (2002) have also

developed a contact field method which can be used

for matric suction measurement. The device involves

an expanding rubber tube that presses the filter paper

against the side of a borehole.

3.5 Psychrometer

Psychrometers use either thermocouples or transistors

to measure the temperature difference between a wet

and dry contact, thus giving a measure of relative

humidity. Generally psychrometers are used in a

sample chamber to measure total suctions on spec-

imens that have been taken from the field (e.g.

Cameron 2001). This is because psychrometers are

not good for direct use in the field because of

temperature variation. The manufacturers suggests

that to maintain temperature equilibrium, the psy-

chrometer must be buried at least 150 mm under the

soil surface (Wescor 2005). However, for a temper-

ature variation of ±5�C, suctions can vary as much as

±0.5 MPa in a dry soil.

4 Water Content Measurement Using Dielectric

Methods

Dielectric methods are based on the measurement of

the soil dielectric permittivity which in turn depends on

soil water content. Techniques for measurement of soil

dielectric permittivity include Time Domain Reflec-

tometry (TDR), Amplitude Domain Reflectometry
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(ADR), and Capacitance. Limitations of TDR, which is

broadband high-frequency method, and ADR and

Capacitance, which are single low-frequency methods,

can be better appreciated if the interaction between

electromagnetic waves and soil components is

explored. This requires a more fundamental under-

standing of soil dielectric properties and transmission

line theory.

4.1 Soil Dielectric Permittivity

Relative permittivity of air is 1, ranges from 3 to 5 in

most soil mineral grains, and is approximately 80 for

water (at 20�C). As a result, the permittivity of the

unsaturated soil is strongly influenced by the permit-

tivity of water. The origin of the high permittivity of

water is the asymmetry of charge in the water

molecule that produces a permanent dipole.

4.1.1 Dielectric Permittivity of Free Water in Static

and Alternating Electric Field

Let us consider the capacitor shown in Fig. 13, where

the static electric field generated by the surface charge

r causes water molecules (permanent dipoles) to line

up. At the surface, there are unbalanced charges that

produce an additional surface polarization charge rP

that partly neutralises the original charge. The electric

field E resulting from this additional polarisation

charge is lower than the static electric field in vacuum

E0 by a factor er, which is referred to as relative

permittivity (E = E0/er). The higher the polarisation,

the higher the dielectric permittivity.

When a time-harmonic field propagates as a wave

through the material, the dipoles align with the field,

oscillating, and in turn establishing a polarization

wave that propagates through the material superpos-

ing to the driving field. This alignment manifests itself

as the real (in-phase) part of the relative permittivity

(e0r). As the frequency is increased, the molecules

being aligned by the alternating field can no longer

keep up with the speed of field alternation (dipole

relaxation). This reduces the intensity of polarisation

and gives rise to a time lag between the applied field

and the polarisation wave. This phase shift manifests

itself as the imaginary (out-of-phase) part of the

relative permittivity (e00r ) and causes dissipation of

energy in the form of heat (as in microwave ovens).

The real and imaginary part of dielectric permittiv-

ity of water, e0r and e00r respectively, are plotted in

Fig. 14 at two different temperatures. As temperature

increases, random collisions between dipoles increase

and this statistically reduces the number of dipoles that

align with the electric field. As a result, polarisation

decreases and so does the low-frequency (static)

dielectric permittivity. At the same time, the dipoles

are less difficult to push back and forth (thermal effects

can be thought as viscous forces slowing down dipole

rotation) and this increases the frequency at which

relaxation occurs (Fig. 14). The figure also reports the

upper bound of TDR bandwidth (*1.5 GHz) showing

that the TDR frequencies are well below the relaxation

frequency of free water and are therefore associated

with negligible dielectric losses.

4.1.2 Dielectric Permittivity of Aqueous Solution

Water in soils is rarely pure and usually contains

charge carriers such as ions. Ionic conductivity

causes a loss of energy (conductive loss) in addition

to loss due to dipole relaxation (relaxation loss). This

is conveniently expressed by an equivalent permit-

tivity given by:

e�r ¼ e0r N; Tð Þ � je00r N; Tð Þ � j
rdc N; Tð Þ

2pf e0

ð1Þ

where e0 is the permittivity in free space, rdc the

direct current electric conductivity, and f is the
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frequency. According to Stogryn (1971), e0r; e00r ; and

rdc depend on temperature T and normality N of the

aqueous solution. Figure 15 shows the real and

imaginary part of relative permittivity of aqueous

solutions at different normalities. The static permit-

tivity ers decreases with increasing concentration of

dissolved ions. The ions orient the water molecules

around them, thereby reducing their ability to orient

in the applied fields, and so reducing the static

dielectric permittivity. The effect of ionic loss on the

imaginary part of dielectric permittivity is inversely

proportional to frequency and tends to become

negligible at high frequencies.

4.1.3 Dielectric Permittivity of Bound Water

Water molecules that are ‘bound’ to solid surfaces are

subject to surface forces that hinder their reorienta-

tion in response to an imposed electromagnetic field.

This results in both a lower relaxation frequency and

lower dielectric permittivity relative to free liquid

water. Experimental studies and theoretical predic-

tions suggest that most of the bound water extends to

two to three molecular layers, although this may

increase depending on mineralogy (Bockris et al.

1966; Sposito and Prost 1982; Sposito 1984).

The dielectric properties of bound water may be

assumed to lie somewhere between those of ice and

liquid water. Logsdon and Laird (2002) for hydrated

Ca-smectite and Ishida and Makino (1999) for mont-

morillonite suspensions report relaxation frequencies

of bound water in the range 2–25 MHz. A relaxation

frequency of 2 MHz can be inferred from a molar

activation enthalpy of approximately 42 kJ/mol-1 for

water adsorbed on kaolinite (Hasted 1973) according

to Hilhorst et al. (2001). Soil dielectric spectroscopy

carried out by Hoekstra and Delaney (1974) also seems

to support values of bound water relaxation frequency

less than 10 MHz (Hilhorst et al. 2001).

A range of 1–20 MHz is likely to be a realistic

assumption for bound water relaxation frequency.

These frequencies are considerably lower than fre-

quencies in the TDR bandwidth and this would

suggest the permittivity of bound water in TDR

measurement to be close to the high-frequency

permittivity, er?. According to Friedman (1998),

the high-frequency permittivity of water molecules

bound to the surface of soil minerals can be assumed

equal to the high-frequency permittivity of free water,

which is in the range er? = 4–5 (Hasted 1973).

4.1.4 Dielectric Permittivity of Solids and Air

Dielectric permittivity of air can be assumed equal to

dielectric permittivity in free space (eair = 1) whereas

the dielectric permittivity of solids is real and

frequency-independent (Saarenketo 1998) lying in

the range 4.5 to 10 (Keller 1989; Robinson and

Friedman 2003).

4.1.5 Dielectric Permittivity of Soil (Mixing Models)

The composite dielectric permittivity of a heteroge-

neous medium depends on dielectric permittivity and

volume fraction of the individual constituents and

their geometrical shape and arrangement. A common
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approach for estimating the permittivity of a mixture,

e�m; is based on the Litchteneker (1926) formula (a-

model) which can be written for a four-phase soil as

follows (Heimovaara et al. 1994):

e�m fð Þ
� �a ¼ Vse

�a
s þ Vfw e�fw fð Þ

� �a þ Vbw e�bw fð Þ
� �a

þ Vae
�a
a

ð2Þ

where f is the frequency, V and e�m are the volume

fraction and equivalent complex permittivity of each

component, respectively, the subscripts s, fw, bw, and

a refer to soil solids, free water, bound water, and air,

respectively, and a is a fitting parameter that accounts

for soil structure. Theoretical evidence for this

formula is provided by Zakri et al. (1998). It is

worth noticing that soil bulk dielectric permittivity e�m
is complex and frequency-dependent (Hoekstra and

Delaney 1974; Dobson et al. 1985) as is the dielectric

permittivity of bound and free water. As a result,

mixing models should not be written in terms of a

single apparent permittivity (the concept of apparent

permittivity is developed later on in this paper).

Another common approach is the Maxwell-De Loor

model (De Loor 1968), which is based on polarisation

analyses of dielectric mixtures and considers the soil

to be made up of isotropically mixed plate-like

particles. This model has been extended to a four-

phase soil by Dobson et al. (1985).

The Litchteneker and De Loor’s formulas are

difficult to validate for the case of a four-component

mixture because somewhat arbitrary assumptions

have to be made about the volume fraction of bound

water and its dielectric properties (Dobson et al.

1985; Heimovaara et al. 1994). In addition, assump-

tions have to be made about the electrical

conductivity of soil free water, which may signifi-

cantly differ from the measured conductivity of

extracts from saturated soil pastes in presence of

solids with high specific surface (Dobson et al. 1985).

For the case where the amount of bound water is

negligible (low clay content and/or low specific

surface) three-phase Litchteneker and De Loor’s

models are often used to characterise the bulk

dielectric permittivity. These models can be validated

in terms of apparent permittivity using TDR mea-

surement provided the apparent permittivity remains

fairly constant in the range of TDR effective

frequency (0.7–1 GHz according to Robinson et al.

2005). As shown later on, this occurs for low bulk

soil electrical conductivity and Robinson et al. (1999)

suggest a value of r\ 0.05 S/m. The Litchteneker

model with a = 0.5 has been found to satisfactorily

capture experimental data (Roth et al. 1990; Robin-

son et al. 1999). Other physically based three-phase

mixture equations for soils have been presented by

Friedman (1997, 1998) and Hilhorst et al. (2000).

4.2 Transmission Lines

4.2.1 Transmission Line Equations

Electromagnetic wave propagation inside a transmis-

sion line is described by the line current I and the

voltage V between the conductors. If V and I are time-

harmonic cosine functions with angular frequency x
and the symbolic representation of sinusoidal signal

is adopted, the following transmission line equations

can be obtained (Kraus and Fleisch 1999):

V~ t; zð Þ ¼ V~
þ
0 e�czþjxt þ V~

�
0 eczþjxt

I~ t; zð Þ ¼ V~
þ
0

Z~c

e�czþjxt � V~
�
0

Z~c

eczþjxt

8><
>:

ð3Þ

where the two terms in each equation denotes

travelling waves in positive and negative direction

respectively.

The propagation constant c and the characteristic

cable impedance Z~c are the two parameters governing

the propagation of electromagnetic waves along the

transmission line and can be expressed for the case of

non-ferromagnetic materials as follows:

c ¼ jx
c

ffiffiffiffi
e�r

p
¼ aþ jb ð4Þ

Z~c ¼
Zpffiffiffiffi
e�r
p ð5Þ

where c is the speed of an electromagnetic wave in

free space (c = 3 � 108 m/s), e�r is the equivalent

permittivity and Zp the characteristic impedance in

vacuum, which is only a function of the cross-

sectional geometry of the transmission line and can

be assumed, as a first approximation, to be equal to

the characteristic impedance in air.

The real part, a, of the propagation constant is

called the attenuation constant as it accounts for

signal attenuation along the line given by exp(-az).
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The imaginary part, b, is called the phase constant of

the line and accounts for the propagation velocity of

the wave through the transmission line.

4.2.2 Propagation Velocity and Apparent

Permittivity

The propagation velocity Vp through the transmission

line can be obtained from Eqs. 3 and 4:

Vp ¼
x

Im c½ � ¼
c

ffiffiffi
e0r
2

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ e00rþr=2pf e0

e0r

� �2
r

þ 1

" #1
2

ð6Þ

where f is the frequency (f = x/2p). If the frequency

is sufficiently lower than relaxation frequency frel, so

that the imaginary part of dielectric permittivity e00 is

small, and is sufficiently higher than electrical

conductivity so that the term r/2pfe0 is also small,

the velocity of propagation reduces to:

Vp �
cffiffiffiffi
e0r

p ð7Þ

If this is not the case, the velocity of propagation may

be expressed in terms of apparent permittivity, Ka

Vp ¼
cffiffiffiffiffi
Ka

p ð8Þ

with Ka given by

Ka ¼
e0r
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ e00r þ r=2pf e0

e0r

� �2
s

þ 1

2
4

3
5 ð9Þ

In general, the apparent permittivity is a function of

frequency f and temperature since e0 and e00 depends

themselves on frequency and temperature. As an

example, Fig. 16 shows the apparent permittivity of

tap water (r *0.05 S/m) and moderately saline water

(r *0.5 S/m) at different temperatures obtained

using expressions from Stogryn (1971). It can be

noticed that the apparent permittivity in high fre-

quency range of TDR bandwidth is fairly constant

and equal to the static permittivity of pure water.

Besides, the apparent permittivity decreases with

temperature in this range.

Figure 17 shows the apparent permittivity for

saline water having electrical conductivity of about

5 S/m (sea water) at different temperatures. In this

case, the apparent permittivity in the high frequency

range of TDR bandwidth is significantly higher than

static permittivity of pure water due to the contribu-

tion of the term the r/2pfe0. In addition, the apparent

permittivity increases with temperature in contrast to

the moderately saline water. In this case, the increase

in electrical conductivity associated with temperature

prevails over the decrease in static permittivity.
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Fig. 16 Apparent permittivity Ka of (a) tap water and (b)

moderately saline water (data from Stogryn 1971)
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having r *5 S/m (data from Stogryn 1971)
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4.2.3 Terminations and Reflection

An equivalent circuit for a uniform transmission line

is shown in Fig. 18. The line is terminated at z = 0

with an independent voltage source Vs and a source

impedance Zs and at z = l with a load impedance ZL

(=V~L=I~L). It can be shown that the voltage reflection

coefficient q, defined as the amplitude of the reflected

voltage wave normalised to the amplitude of the

incident voltage wave at z = l is given by (Kraus and

Fleisch 1999):

q ¼ V~
�
0 eczþjxt

V~
þ
0 e�czþjxt

¼ ZL � Zc

ZL þ Zc
¼ 1� Zc=ZL

1þ Zc=ZL

ð10Þ

If the relative permittivity is real (e00r *0 and r/

2pfe0*0) and the load impedance ZL is a resistance,

the impedances Zc and ZL are both real and so is the

reflection coefficient q. The reflection coefficient will

range from -1 (shorted ended circuit) to 1 (open

ended circuit). When Zc = ZL (matched line) there is

no reflection.

4.3 TDR Applied to Volumetric Water Content

Measurement

A TDR system consists of a step pulse generator, an

oscilloscope, a coaxial cable and a rod probe

(Fig. 19). The step pulse generator launches a fast-

rise time voltage step associated with a bandwidth up

to 1.5 GHz and the reflection waveform is recorded

by an equivalent time sampling oscilloscope. The

highest frequencies are sufficiently lower than relax-

ation frequency of water (Fig. 16) and fall in the

range where the effect of electrical conductivity is

often negligible (Fig. 16).

TDR working principle may be illustrated follow-

ing Nissen and Moldrup (1994). Let us assume that

impedance of segment AB, ZC, is greater than that of

segment BC, ZP. This is the case of a probe inserted

in water or wet soil. At time t = 0, the step pulse

generator starts to launch electromagnetic waves to

produce a voltage step, V0. At time t = tA, the front

of the voltage step reaches the oscilloscope that

records an instantaneous rise in voltage, V0 (stage 1).

At point B, some of the voltage step is reflected back

towards the sampler, Ur,1, and some is transmitted

further on, Ut,1. Since ZC [ ZP, q\ 0 (see Eq. 10)

and a negative reflected step is observed (the reflected

wave travels in counterphase with the wave trans-

mitted by the pulse generator). The superposition of

these two waves causes a drop in voltage amplitude

with respect to the original wave (stage 2). At time

t = tB, the front of the reflected step has reached the

oscilloscope, which detects a drop in voltage. On the

other side, the transmitted voltage step Ut,1 is totally

reflected in phase at the end of the transmission line

(open ended circuit) because ZL?? and q = 1

(stage 3). The reflection of the transmitted voltage

step Ut,1 reaches back to point B. Here it is partly

reflected in phase (q[ 0) towards point C, Ur,2, and

partly transmitted in phase toward the sampler, Ut,2

(stage 4). The transmitted voltage step Ut,2 reaches

the sampler at t = tC. Because it is in phase with the

waves transmitted by the pulse generator, the sampler

measures a rise in voltage (stage 5). Multiple

reflection will then take place in the system until a

stable level is reached.

The apparent permittivity Ka of the medium in

which the probe is inserted can be obtained from the

propagation velocity of the pulse in the probe

according to Eq. 8:

Ka ¼
c

Vp

� �2

¼ c
tC � tB
2LBC

� �2

ð11Þ

In their early work, Topp et al. (1980) assumed that

the apparent dielectric permittivity could directly be

related to volumetric water content h through a

polynomial calibration curve (Topp’s equation):

h ¼ �5:3 � 10�2 þ 2:92 � 10�2Ka � 5:5 � 10�4K2
a

þ 4:3 � 10�6K3
a

ð12Þ

They suggested that such a calibration curve was

almost independent of soil density, texture, temper-

ature, and salt content. This equation was derived for

volumetric water contents between 0.02 to 0.55 and

dry densities between 1 to 1.5 g/cm3 and was found

+
-

Z

SV ZL

z=0 z=l

V(0)

+

-

Characteristic impedance, Zc

Fig. 18 Equivalent circuit of a uniform transmission line
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to have standard error of estimate of Dh = ±0.013

over the complete range of water contents.

To appreciate the assumptions implicitly made by

Eq. 12, it may be useful to consider Eq. 2 by

assuming a = 0.5 and rewriting the volume fractions:

h ¼
ffiffiffiffiffi
Ka

p
� 1� qd

qs

ffiffiffiffi
es
p � 1
� 	

� dqdAs

ffiffiffiffiffiffiffi
e�bw

p
�

ffiffiffiffiffiffi
e�fw

p� 	
ffiffiffiffiffiffi
e�fw

p
� 1

ð13Þ

where qd is the bulk dry density of the soil, qs is the

average density of the solid phase, and the product

dqdAs represents the volumetric bound water content,

with As and d being the specific surface of the soil and

thickness of the bound water layer respectively.

Equation 13 suggests that h only depends on Ka if the

soil density does not change significantly (qd/

qs *constant), the amount of bound water is negli-

gible (As *0), and e�fw is constant in the high

frequency range of the TDR bandwidth. As shown in

Figs. 16 and 17, this latter condition occurs when

changes in temperature are small and pore water

electrical conductivity is also relatively small.

In fact, Topp’s equation has been proven success-

ful in soils that do not contain substantial amount of

bound water, do not have pores filled with saline

water, and do not have high porosity (Patterson and

Smith 1981; Topp et al. 1982, 1984; Smith and

Patterson 1984; Topp and Davis 1985a; Drungil et al.

1989). Dirksen and Dasberg (1993) investigated

eleven different soils and concluded that Topp’s

equation may be valid for soils with dry densities

between 1.35 and 1.50 g/cm3 and specific surfaces

between 0 and 100 m2/g (low clay content). As a first

approximation, specific surface can be estimated

from hygroscopic water content according to Banin

and Amiel (1970) and Dirksen and Dasberg (1993).

In contrast, Eq. 12 has shown poor response in fine-

textured soils (Dasberg and Hopmans 1992; Dirksen

and Dasberg 1993) and organic soils (Topp et al. 1980;

Herkelrath et al. 1991; Pépin et al. 1992; Paquet et al.

1993). In fine-textured soils, the apparent permittivity

at low water contents decreases due to the presence of

tightly bound water near particle surfaces having

lower dielectric permittivity than free water. As a

result, Topp’s equation underestimates the volumetric

water content in the lower water content range

(Dasberg and Hopmans 1992; Dirksen and Dasberg

1993; Robinson et al. 2002). At higher water contents,

the apparent permittivity may increase due to disper-

sion associated with Maxwell-Wagner effects,

electrical conductivity of free and bound water. Topp’s

equation may then overestimate volumetric water

content in the high water content range (Dirksen and

Dasberg 1993). On the other hand, deviations from

Topp’s equation observed in organic soils can partly be

attributed to the low dry density typically exhibited by

these soils (Malicki et al. 1996).

Since 1980, other researchers have shown that the

relationship between h and
ffiffiffiffiffi
Ka

p
is practically linear

   

V0

V0

V0+Ur,1

V0+Ur,1

(5)

t = tC

V0+Ur,1+Ut,2

(4)

tB < t < tC

(3)

t = tB

(2)

tA < t < tB

(1)

tA < t < tB

Ur,1
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2Ut,1

Time
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2V0
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1994)
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(Ledieu et al. 1986; Yu et al. 1997; Topp and

Reynolds 1998) and any of these two-parameter

equations is preferable to the four-parameter Topp’s

equation for isotropic distribution of soil and water

content (Yu et al. 1997). A comparison between

Topp’s equation and ‘linear’ equations is presented in

Fig. 20 and shows that all equations are essentially

coincident up to h = 0.40–0.45. Outside this range,

Topp’s equation significantly underestimates water

content (Roth et al. 1990) and its use should be

avoided.

4.4 Interpreting Reflection Waveform for Travel

Time

Conventional interpretation of the reflection wave-

form involves determining the apparent permittivity

Ka using Eq. 11. However, the use of this equation is

not straightforward. The electrical length L may

slightly differ from the physical length because of the

fringing field at the end of the probe. The time tprobe

(tB in Fig. 19) at which the step pulse leaves the head

and enters the probe electrodes and the time tend (tC in

Fig. 19) corresponding to the reflection at the end of

the rods may be difficult to identify.

Figure 21 shows the measurement in air and

demineralised water using a 150 mm three-rod probe.

The waveform is reported in terms of reflection

coefficient q which is given by:

q ¼ V � V0

V0

ð14Þ

where V is the voltage recorded by the sampling

oscilloscope and V0 is the step voltage launched into

the transmission line.

The impedance of the probe filled with air is

greater than the cable impedance and this results in

the ascent of the reflected waveform as the step

voltage leaves the head and enters the rods (see Eq.

10). This response is typical of dry soils. In contrast,

the lower impedance of the probe filled with water

causes the descent of the reflected waveform (as in

wet soils). The waveform in water is characterised by

an initial dip followed by a bump. This broadly marks

the reflections at the beginning of the head and the

beginning of rods but the exact location of the time

tprobe is not clear. The bump is absent in the

waveform in air making the determination of the

time tprobe even more difficult.

4.4.1 Time at Which the Step Pulse Enters the Head

The time at which the wave enters the head of the

probe, thead, can be obtained by the intersection

between the line tangent to the first rising limb at the

inflection point and the base line before the first

inflection. This construction is not shown in the figure

and the reader may refer to Heimovaara and Bouten

(1990) and Robinson et al. (2003b) for further details.

However, probes commercially available today

incorporates an electrical marker causing a dip in the

reflected waveform. This dip can be used to easily

locate the time thead as shown in Fig. 21b. This is very

useful in field applications where long cables and

high temperature fluctuations can make the time thead

difficult to identify (Robinson et al. 2003b).

4.4.2 Time at Which the Step Pulse Enters the Soil

The time at which the wave leaves the head and enter

the probe electrodes, tprobe, is sometimes determined

by considering the apex bump (Or et al. 2002; Feng

et al. 1999) or sometimes by considering the intersec-

tion between the tangent to the first descending limb at

the inflection point and the horizontal line through the

bump apex (Baker and Allmaras 1990; Herkelrath

et al. 1991) (Fig. 21b). These approaches have several

limitations. In dry soils and soils with low bulk density,

the first descending limb is almost absent making the

bump difficult to detect. Another phenomenon some-

times found in low dry density soils is a double peak in

the waveform. This may due to the compression of a

thin layer of soil next to the handle during installation.
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This high dry density soil layer exhibits lower imped-

ance due to lower porosity thus causing a second dip in

the waveform after the head (Evett 2000). At a more

fundamental level, the use of the bump apex to locate

the time at which the pulse enter the rods may result in

significant errors in moderately dry soil and layering of

dry soil over wet soil, as often occurs in surface

installation (Robinson et al. 2003b).

The time tprobe can effectively be determined by

calibrating the probe in air and water (Robinson et al.

2003b) according to the procedure suggested by

Heimovaara (1993). By referring to Eq. 15, we can

write the following equation:

2L

ffiffiffiffiffi
Ka

p

c
¼ tend � tprobe ¼ tend � thead þ Dtð Þ ð15Þ

where Dt is the difference between tprobe and thead

(Fig. 21b), L is the electrical length of the probe, and

tend is the time corresponding to the reflection at the

end of the probes as discussed in the next paragraph.

If Eq. 15 is written for air and water (Ka,air = 1 and

Ka,water = 80.2 at 20�C) the two unknowns Dt and L

can be determined. The time tprobe can therefore be

obtained by adding the time Dt to the time thead.

For example, the probe shown in Fig. 21 is

characterised by L = 0.1495 m and Dt = 0.405 ns.

In this case, the electrical length is very close to the

physical length. From Fig. 21, it can also be observed

that the time tprobe determined using Heimovaara’s

approach slightly differs from the value obtained by

referring to the bump apex. As observed by Robinson

et al. (2003b), this difference may be sometimes

significant and lead to considerable errors in relatively

dry soils where lower travel times are measured.

Probe calibration using Eq. 15 can also be

performed using liquids of known dielectric proper-

ties other than demineralised water. However, this

procedure should be followed with care. If the

relaxation frequency of the calibration liquid is lower

than the TDR frequency range, relaxation will take

place and the apparent dielectric permittivity will be

much lower than the ‘reference’ static permittivity of

the calibration solution put in Eq. 15 (Heimovaara

1994). As a result, L can be significantly underesti-

mated. Demineralised water is a suitable calibration

liquid due to its very high relaxation frequency

compared to the TDR bandwidth as shown in Fig. 16.

4.4.3 Time at Which the Step Pulse is Reflected at the

Rod Ends

The time tend corresponding to the reflection at the end

of the probes can be determined by considering the

intersection between the line tangent to the second

rising limb at the inflection point and the line fitting the

base section of the reflection according to Heimovaara

and Bouten (1990) (Fig. 21a). The inflection point is

marked by the peak in the first derivative.

An alternative method consists in determining the

intersection between the line tangent to the second

rising limb at the inflection point and the horizontal

line tangent to the minimum of the reflection

waveform (Baker and Allmaras 1990). However, this

second method is not applicable in dry soils (see

Fig. 21a) and is not recommended because it is more

susceptible to temperature induced errors (Wraith and

Or 1999).
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These two methods may not be applicable in high

bulk conductivity soils (saline soils and clays with

high cation exchange capacity). In these soils, the

electrical conductivity rDC attains high values at high

water contents. As a result, the frequency-dependent

imaginary part of the complex permittivity is no

longer negligible. The different frequencies will

therefore feel different apparent permittivity

(Figs. 16, 17) and hence will move through the

transmission lines at different velocities. This tends to

reduce the slope of the descending and ascending

limb of the waveform as shown in Fig. 22a for an

active clay (high CEC). Because the waveform

‘softens’, the time tend of the reflection at the end of

the probe rods may become difficult to detect as the

peak in the first derivative tends to disappear

(Fig. 22a). In this case, Evett (2000) suggests to

determine the time tend by adding a user-defined time

to the time corresponding to the minimum in the

reflected waveform. It is worth noticing that softening

and attenuation is generally not observed in non-

active clay (Fig. 22b) where the travel time of the

step pulse can be clearly distinguished.

4.5 Interpreting Reflection Waveform for Bulk

Electrical Conductivity (BEC)

One of the great strength of TDR is that it can be used

to measure bulk electrical conductivity (BEC) in

addition to dielectric permittivity (Dalton et al. 1984;

Topp et al. 1988; Nadler et al. 1991).

The most reliable estimates of bulk electrical

conductivity are based on the Giese and Tiemann

(1975) thin-section approach which uses the ampli-

tude of the TDR signal at long times. The Giese and

Tiemann equation as presented by Topp et al. (1988)

may be written in terms of voltage or reflection

coefficient:

r ¼ 1

Zc

e0cZ0

L

1� q1
1þ q1


 �
� 1

Zc

e0cZ0

L

2V0

VF

� 1


 �
ð16Þ

where e0 is the permittivity of free space

(8.854 � 10-12 F m-1), c is the speed of light in a

vacuum (3 � 108 m s-1), L is the probe length (m),

q? the reflection coefficient at infinite time, V0 is the

voltage entering the head of the probe, VF the final

voltage recorded by the oscilloscope after all multiple

reflections had taken place, Zc is the characteristic

impedance of the cable tester, and Z0 is characteristic

impedance of the probe. The Giese and Tiemann

approach agrees well with other low frequency

measurements of electrical conductivity (Topp et al.

1988; Zegelin et al. 1989; Heimovaara 1992, Baker

and Spaans 1993; Topp et al. 2000).

The probe characteristic impedance Z0 appearing

in Eq. 16 can be determined by measurement in

deionised water using Eqs. 10 and 14 according to

Baker and Spaans (1993) or, alternatively, the term

e0cZ0/L can be lumped into a geometric probe

constant, Kp, which can be determined by immersion

of the probe in one or more solutions of known

electrical conductivity (Zegelin et al. 1989).

Although Eq. 16 was first derived for thin samples,

Castiglione and Shouse (2003) and Lin et al. (2007)

showed that this equation is rigorous at very low

frequencies regardless of the samples size. Castigli-

one and Shouse (2003) also pointed out that Eq. 16 is

exact when no signal dissipation occurs other than in

the sample. When losses occur in the cable, connec-

tors, multiplexers, and other discontinuities, they

suggested to scale the reflection coefficient at infinite

time according to the reflection coefficient for an

Fig. 22 Typical TDR

waverforms in clay. (a)

active clay; (b) non active

(kaolinitic) clay. (Evett

2000)
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open circuit in air and for a shorted circuit, and to use

the scaled reflection coefficient in Eq. 16. Castiglione

and Shouse (2003) also concluded that the common

approach consisting in modelling the cable and

sample as resistors in series leads to incorrect

measurement for low conductivity samples.

This conclusion has recently been refuted by Lin

et al. (2007). They demonstrated that the series

resistor model is indeed theoretically sound according

to the well-established circuit theory and verified by

full waveform analysis. Discrepancies reported in the

literature for the case of long cables between

measured and TDR electrical conductivity predicted

using the series resistor model can be explained by

time effects. It takes much longer time than conven-

tionally thought to reach the steady state when long

cables are used, in particular at very high electrical

conductivity. On the other hand, it is the linear

scaling proposed by Castiglione and Shouse (2003)

that is incorrect since the effect of cable resistance on

steady-state reflection coefficient is nonlinear. The

error introduced by the Castiglione-Shouse method

can be compensated by fitting the probe constant Kp

to known electrical conductivity values, even though

the probe constant becomes a function of cable length

(resistance) which is theoretically incorrect.

Another error in TDR electrical conductivity mea-

surement may arise from imperfect amplitude

calibration when transforming the voltage signal into

the reflection coefficient signal. A calibration (correc-

tion) method for the measured reflection coefficient to

account for both the instrument error and effect of

cable resistance was proposed by Lin et al. (2008).

4.6 Waveforms Modelling

First attempts to model the reflection waveform go

back to Yanuka et al. (1988) who analysed a single

transmission line without considering the frequency-

dependency of the soil dielectric permittivity and the

multi-section characteristics of the TDR transmission

line and by ignoring the second and high-order

reflections. Heimovaara (1994) used the S11 scatter

function to model the TDR waveform but his method

considered only a uniform transmission line (matched

system). Feng et al. (1999) combined the work of

Yanuka et al. (1988) and Heimovaara (1994) and

formulated a model for multi-section transmission

line that uses a linear-time-invariant feedback system

to model each section and links each section in a

bottom-up fashion. Lin (2003a, b) presented a

different approach to formulating multiple reflections

in a non uniform and dispersive TDR measurement

system using spectral analysis and the concept of

input impedance. This formulation is based on Eq. 3

with appropriate boundary conditions and is simpler

and more systematic than the approach described by

Feng et al. (1999).

To model TDR waveform, the parameters describ-

ing the soil dielectric permittivity (i.e. the

permittivity, electrical conductivity and layer thick-

ness of bound water, the electrical conductivity of

free water, and the a parameter in the Litchteneker’s

model) need to be determined by fitting to the

discrete measured waveform (inverse analysis). This

fitting may take place in the time domain or, after

Fourier transform, in the frequency domain (Lin

2003b; Huisman et al. 2006). Other problems in the

inverse modelling are associated with the choice of

the input function and optimisation algorithm (Huis-

man et al. 2006) and in the proper modelling of cable

resistance (Lin and Tang 2007).

The capability of reproducing the measured wave-

form is shown in Fig. 23. Models can be therefore used

to analyse the TDR signal in the frequency domain and

then extract the e0r spectrum that can be associated with

volumetric water content. On the other side, the model

can be successfully used to investigate the effect of

TDR bandwidth, probe length, probe impedance, soil

density, dielectric relaxation, and electrical conduc-

tivity on the apparent dielectric permittivity (Lin

2003b). Another interesting application of frequency

domain models is the possibility to measure dielectric

Fig. 23 Measured and predicted wafeform (Lin 2003)

158 A. Tarantino et al. (eds.), Laboratory and Field Testing of Unsaturated Soils



permittivity in a shorter probe, where the travel time

cannot be detected (Jones and Or 2001).

4.7 Factors Affecting Apparent Dielectric

Permittivity Ka

4.7.1 Effect of Dry (bulk) Density

In geotechnical engineering, soil density may widely

vary, especially if compacted soils are considered.

Soil dry density affects the apparent permittivity of

the soil as shown by Eq. 13 and as observed

experimentally (Ledieu et al. 1986; Whalley 1993).

Figure 24 shows the effect of soil bulk dry density on

the relationship between water content and apparent

permittivity as suggested by Eq. 13 assuming As = 0

(mineral soil) and average values for qs and es. The

increase in volumetric water content associated with

a decrease of bulk density Dqd = -0.5 g/cm3 is equal

to Dh = 0.023 and this value is essentially in

agreement with the values of Dh = 0.017 and

Dh = 0.018 reported by Leudieu et al. (1986) and

Jacobsen and Schjønning (1993).

A different empirical formula to include the effect

of soil density was suggested by Malicki et al. (1996)

who tested mineral and organic soils, the latter

characterised by very low bulk density:

h ¼
ffiffiffiffiffi
Ka

p
� 0:819� 0:168qd � 0:159q2

d

7:17þ 1:18qd

ð17Þ

where qd is the dry bulk density (g/cm3). Malicki’s

equation is shown in Fig. 25 and the increase in water

content associated with a decrease in bulk density

Dqd = -0.5 g/cm3 is significantly greater (Dh =

0.033–0.07). In this case, however, a decrease in

bulk density is also associated with the presence of

organic matter and, hence, bound water, which causes

a further decrease in apparent permittivity at given

water content due to the lower permittivity of bound

water with respect to that of free water. It may be

inferred that the effect of soil density in Malicki’s

equation implicitly accounts for the effect of bound

water in low-density organic soils and, as a result,

this equation should be extrapolated to high-density

mineral soils with care.

4.7.2 Effect of Bulk Water Conductivity (BEC)

In high saline soils (BEC approximately greater than

0.6–0.7 S/m, waveform reflections necessary for

dielectric permittivity measurements can be totally

attenuated (Jones et al. 2002). This problem is more

significant in longer probes and cables (Topp et al.

2000).

Conventional TDR applications are therefore lim-

ited to soils with low to moderate salinity, unless

measures are taken to preserve the waveform reflec-

tion occurring at the end of the waveguides. Rod

coatings have been successfully used to reduce signal

attenuation and to preserve information needed to

evaluate the dielectric constant in high saline soils

(Knight et al. 1997; Mojid et al. 1998; Nichol et al.

2002). Since these coatings significantly influence

the resulting apparent permittivity, specific h - Ka
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calibration is required. Another approach to measure

water content in high saline soils has been presented

by Jones and Or (2001) which consists in using

shorter probes (2–3 cm) and analysing the signal in

the frequency domain after time-to-frequency domain

transformation using appropriate algorithms (Nicol-

son 1973).

Although reflection at the end of the probes can be

detected in soils with low to moderate salinity, the

time tend at which the waveform is reflected at the end

of the probe may be difficult to identify (see previous

section). In addition, BEC increases the apparent

permittivity Ka at given water content (see Eq. 9 and

Figs. 16, 17), which can make the conventional h -

Ka calibration highly inaccurate. Noborio et al.

(1994) found that Topp’s equation overestimated h
in soils moistened with saline water.

Topp et al. (2000) found that TDR signal electric

loss is a function of the bulk electrical conductivity r,

regardless of whether this conductivity arises from

soil water solution conductivity or from clay type and

content. This suggests that the effects of soil water

conductivity and clay content can be lumped together

and taken into account by including the bulk electri-

cal conductivity r in the TDR calibration.

Wyseure et al. (1997) suggest to include the bulk

electrical conductivity in addition to travel time into

the TDR calibration curve. Evett et al. (2005)

extended the model by Wyseure et al. (1997) by

including effective frequency:

h ¼ aþ b
ffiffiffiffiffi
Ka

p
þ c

ffiffiffiffiffiffiffiffiffiffiffiffiffi
r

2pf �e0

r
ð18Þ

where a, b, c are empirical coefficients, Ka is the

apparent permittivity given by Eq. 11, r is the bulk

electrical conductivity determined using Eq. 16

possibly corrected to account for cable resistance

effects and instrument errors (Lin et al. 2007, 2008),

e0 is the dielectric permittivity in free space, and f* is

the effective frequency determined from the second

rising limb of the reflection waveform according to

the method suggested by the authors. A detailed

discussion on the different ways to define the

effective frequency is provided by Robinson et al.

(2003a). An important advantage of Eq. 18 is that the

effects of temperature on BEC and effective fre-

quency are implicitly taken into account (temperature

is still needed because it affects the static dielectric

permittivity of water and, hence, Ka). In addition, Eq.

18 can also take into account the low-pass filtering

effect of longer cables.

4.7.3 Effect of Temperature

Understanding the effect of temperature on TDR

measurements is of great importance in field mea-

surements due to the daily temperature fluctuations

which can be as high as 20�–30� degrees in surface

installations (Or and Wraith 1999). The value of Ka

may increase or decrease with temperature depend-

ing on soil texture (Campbell 1990; Persson and

Berndtsson 1998; Wraith and Or 1999; Pepin et al.

1995).

In soils having low pore water electrical conduc-

tivity and negligible amount of bound water, the soil

bulk apparent permittivity is essentially controlled by

the static permittivity of free water, which decreases

with temperature as shown in Fig. 16a. The effect of

temperature on the relationship h - Ka can ade-

quately be described by including the temperature-

dependent apparent permittivity of free water in Eq.

13 (Pepin et al. 1995). This is illustrated in Fig. 26

showing that the effect of temperature may be

significant at high water contents.

Soils having significant amount of bound water

exhibit a complex response to temperature changes.

Ka decreases with increasing temperature at higher

water contents, as in mineral soils, whereas it

increases with temperature at lower water contents

(Wraith and Or 1999). This latter response has been
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assumed to be associated with bound water, whose

relative proportion is significant at lower water

contents. Or and Wraith (1999) assume that the

change of apparent permittivity with temperature

results from two competing responses, the reduction

of free water static permittivity with increased

temperature, and the release of bound water with

increased temperature. This latter process causes an

overall increase in soil permittivity because water

moving from the bound to the free state increases its

permittivity from *4 to *80. According to this

mechanism, Or and Wraith (1999) suggest a correc-

tion to account for these two competing temperature

effects on soil bulk permittivity.

The increase in bulk soil permittivity with tem-

perature observed in soils with significant amount of

bound water may be explained in an alternative

fashion. Fig. 16 shows that the apparent permittivity

increases with temperature for the case of high

electrical conductivity, and this is typically the case

of soils having significant proportion of bound water.

4.7.4 Effect of Cable Length

As the pulse moves down the cable to the probe, its

higher frequency components are selectively attenu-

ated because the cable acts as a low pass filter (Lin

and Tang 2007). This means that a longer cable

causes a slower rise time of the pulse probe, and less

steep descending and rising limbs of the inflections

caused by probe handle and end of rods respectively

(Herkelrath et al. 1991; Hook et al. 1992; Hook and

Livingston 1995). If the probe is short enough, the

descending limb (soil reflection) will intersect the

rising limb (end-of-rod reflection), causing the travel

time to be incorrect. This problem can be solved with

a longer probe, unless measurement is carried out in a

high bulk electrical conductivity soil. If this is the

case, a longer probe may cause the rising limbs of the

inflections caused by the end of rods to disappear. A

probe length adequate for longer cable and high bulk

electrical conductivity soils may be difficult to find

(Evett 2000).

Another problem of long cable is that loss of high

frequency components of the TDR pulse will

decrease the effective frequency. Bulk electrical

conductivity may then affect the apparent permittiv-

ity as the quantity r/2pf in Eq. 9 becomes larger as f

becomes smaller (Robinson et al. 2005).

4.8 TDR Probes

4.8.1 Probe Design

Early types of TDR probe consisted of two stainless

steel rods with the proximal ends connected to the

splits ends of a bifilar antenna cable. Connections

were made using alligator clips or made by clamp-

ing the wire to the rod with a screw. Connections

were exposed to the surrounding medium (air in

surface installation and wet or dry soil in deep

installation) and their geometry could vary depend-

ing on installation. This made the connection

impedance difficult to predict making it difficult to

locate the point at which the wave entered the

waveguides (Evett 2000). For these reasons, TDR

probes commercially available today are made with

the split in the cable and the cable connections to

the rods embedded in a material of consistent and

constant permittivity.

The two-rod probes also required a balun to

convert the unbalanced signal in the coaxial cable to a

balanced signal in the two rods thus lowering signal

distortion (Spaans and Baker 1993). Three-rod probe

commercially available today responds to this con-

cern by providing a waveguide that is geometrically

similar to a coaxial waveguide. Measurement by

Zegelin et al. (1989) showed only minor differences

in waveform shape between trifilar and coaxial

waveguides.

4.8.2 Sampling Volume

Topp and Davis (1985b) suggests that the volume

measured by a two-rod TDR probe is approximately a

cylinder having diameter 1.4 times the spacing

between the rods. Ledieu et al. (1986) indicates that

94% of the energy of the electromagnetic waves

propagating along a two-rod probe is restricted to a

diameter about two times the spacing between the

rods.

The addition of a central rod as in three-rod probes

drastically reduces the sample area (Ferre et al. 1998;

Zegelin et al. 1989). For a three-rod probes, the

sampling volume, i.e. the volume contributing to the

probe response, is essentially a cylinder having

diameter approximately equal to the spacing between

the outer rods (Ferre et al. 1998). A detailed discus-

sion on sampling volume of probes having different
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design can be found in Ferre et al. (1998) and

Robinson et al. (2003a).

4.9 Water Content Measurement Using

Capacitance

Due to installation difficulties, TDR systems are not

always adapted for determination of water content at

relatively large depths. Depth capacitance probes

have then been designed to sense the soil from within

an access tube (Fig. 27). Due to the emergence of high

quality, low-cost high frequency oscillators, these

probes are relatively inexpensive and easy to operate,

and are becoming a popular choice for routine

monitoring purposes. Surface capacitance insertion

probes (SCIP) have also been developed and may be

an interesting alternative to TDR when measurements

at few locations in the field have to be made.

The depth capacitance installation probe consists

of an electrode pair separated by a plastic dielectric.

The upper and lower electrodes and the plastic

separator are in the shape of a cylinder that fits

closely inside the plastic access tube. A resonant LC

circuit (L = inductance, C = capacitance) in the

probe includes the ensemble of the soil outside the

access tube, the access tube itself, plus the air space

between the probe and the access tube, as one of the

capacitive element. The LC circuit is included in the

tuned circuit of an oscillator to measure the resonant

frequency Fres of the LC circuit. The resonant

frequency depends on the capacity of the soil-access

tube system C as follows (Dean et al. 1987):

Fres ¼
1

2p
ffiffiffi
L
p 1

C
þ 1

Cb

þ 1

Cc

� �0:5

ð19Þ

where L is the inductance of the coil in the LC circuit,

Cb and Cc are the base capacitance and collector

capacitance respectively. The capacitance C is in turn

linked to the soil apparent permittivity by the

following linear relationship:

C ¼ gKa ð20Þ

where g is a geometrical factor that is difficult to

calculate except for simple electrode geometries. The

surface capacitance installation probe consists of two

rod-shaped electrodes that are inserted into the soil

and shares the same working principle as the depth

probe. The relationship that links the resonant

frequency to the capacity C can be written according

to Dean (1994) and is similar in nature to Eq. 19.

Water content measurements can be performed by

directly relating the resonant frequency Fres to the

water content (Paltineanu and Starr 1997; Sentek

2001) or by calibrating the parameters in Eqs. 19 and

20 (or similar equations) to derive the apparent

permittivity Ka which can be in turn related to water

content using the empirical TDR relationships (Rob-

inson et al. 1998; Kelleners et al. 2004). The major

disadvantage of the single step calibration is that one

cannot separate errors due to the instrument from

errors due to the calibration between capacitance and

soil water content (Robinson 2001).

It should be noted that the operating frequency of

the capacitance probe is in the range 70–150 MHz

(Robinson et al. 1998). In this frequency range, the

apparent permittivity is more sensitive to electrical

conductivity with respect to TDR. As an example,

consider the aqueous solution shown in Fig. 16b

having r *0.5 S/m. In the high-frequency range of

TDR bandwidth, the apparent permittivity is equal to

the static permittivity in contrast with the capacitance

probe range (*70–150 MHz) where the apparent

permittivity is significantly affected by electrical

conductivity. If this aqueous solution would have

resided in the soil, the bulk apparent permittivity

would have essentially depended on water content in

TDR measurement whereas it would have been

significantly affected by electrical conductivity when

using the capacitance probe (Baumhardt et al. 2000).

In addition, in the low-frequency range, apparent

permittivity is significantly affected by the Maxwell-

Wagner effect (Chen and Or 2006a, b).

In other words, ‘universal’ calibration curves for

capacitance probes relating resonant frequency to

volumetric water content can be valid only for soils

with low electrical conductivity (0.05–0.1 S/m

electrode
pair

electrode pair 

depth
installation

surface
installation

Fig. 27 Surface and depth installation capacitance probes and

relative electric fields
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according to Robinson et al. 1998) and relatively low

water content (h\*0.30 according to Kelleners

et al. 2004). For soils having relatively high bulk

electrical conductivity (saline water or high cation

exchange capacity), either a soil-specific calibration

curve needs to be obtained or the electrical conduc-

tivity needs to be measured independently and used

to correct apparent permittivity (Robinson et al.

1998; Kelleners et al. 2004). Capacitance probes

allowing the simultaneous measurement of resonant

frequency and the bulk soil electrical conductivity are

commercially available.

Because of the greater sensitivity of capacitance

sensors to soil bulk electrical conductivity, empirical

single-step calibration curves for capacitance probes

tend to be scattered. As an example, Fig. 28 reports

different single-step calibration curves for the Sentek

multicapacitance probe reported in the literature.

Concerning radial and axial sensitivity of depth

installation capacitance probes, Paltineanu and Starr

(1997), using brass rings electrodes 50.5 mm diam-

eter and 25 mm high, separated by a 12 mm plastic

ring, observed that axial sensitivity is about 100 mm

and radial sensitivity is about 130 mm (i.e the

sampling volume is approximately a cylinder

260 mm diameter and 100 mm high).

4.10 Water Content Measurement Using

Amplitude Domain Reflectometry (ADR)

This probe consists of a sinusoidal oscillator (typi-

cally 100 MHz), a fixed impedance section of a

coaxial line, and a stainless steel wire sensing probe

which behaves as an additional section of the

transmission line with an impedance dependent on

the dielectric permittivity of the soil surrounding the

probe wires (Fig. 29). If this impedance differs from

that of the internal coaxial transmission line, then a

proportion of the signal is reflected back from the

junction between the probe rods and the coaxial

transmission line according to Eq. 10.

The difference between the peak voltage at its start

and the peak voltage at the junction can be related to

the impedance ZL of the soil surrounding the probe

wires through Eq. 10, and this impedance can be in

turn related to soil permittivity through Eq. 5 (Gaskin

and Miller 1996; Miller and Gaskin 1999).

The main limitation of this type of probe is,

similarly to the capacitance probes, the low operating

frequency (100 MHz). As shown in Fig. 16, the

apparent permittivity of water is equal to static

permittivity only if the pore water bulk conductivity

is relatively small (0.05 S/m as in tap water).

Universal or manufacturer calibrations are therefore

applicable as long the soil does not contain saline

water and/or or clays having high cation exchange

capacity. If it is not the case, the apparent permittivity

measured by the impedance probe at given water

contents tends to be higher than that measured using

TDR (Cosh et al. 2005) and a soil specific calibration

is highly recommended.

5 Field Measurement of Water Permeability

Direct measurement of unsaturated permeability to

water (hydraulic conductivity) in the field is a very

difficult task. Normally the permeability function

relating unsaturated permeability to suction is esti-

mated from the saturated permeability, ksat, and the
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water retention curve. However, it is important to

have methods for field determination of flow under a

suction gradient. As Benson et al. (1997) point out,

there is little value in using small specimens in the

laboratory to assess field hydraulic conductivity. This

report will consider four methods: Infiltrometers, the

Disc Permeameter, the Guelph Permeameter and the

Cone Permeameter. A more complete discussion of

some of the equipment is given by Stephens (1995).

5.1 Infiltrometer

Infiltrometers are simple and widely used to estimate

infiltration into a soil. They are usually used to

estimate the permeability under field saturated con-

ditions by continuing flow until a steady state is

observed. Double ring infiltrometers are used to

ensure one-dimensional vertical flow from the inner

ring where measurements are made. Tensiometers

can be used to observe the movement of the wetting

front and to calculate hydraulic gradient (which

otherwise have to be assumed). A sealed double ring

infiltrometer may be used to prevent evaporation for

long term tests (Neupane et al. 2005).

5.2 Disc Permeameter

A Tension Disc Permeameter (Perroux and White

1988) can be used to determine near saturated

permeability, but is limited to suctions of 3–5 kPa.

A bubbling tower is used to create negative pressure.

Reynolds and Elrick (1991) describe the analysis to

obtain the near saturated permeability. Nishimura

et al. (2003) report good agreement between field

measurements and laboratory measurements on cores

of the same soil.

5.3 Guelph Permeameter

The Guelph Permeameter (Reynolds and Elrick 1985)

can be fitted with a tension adapter that allows

measurement under suction. Coutinho et al. (2000)

used the Guelph permeameter in a residual soil and

showed that the ratio of the unsaturated/saturated

permeability (k/ksat) drops to 10-5–10-12 at a suction

of 20 kPa, indicating very low values of unsaturated

permeability at quite low suctions. Morii et al. (2003)

used TDR for moisture content measurement near the

Guelph ring and used an unsaturated flow finite

element code to back-analyse unsaturated permeabil-

ity. They show that k/ksat dropped to very low values

for a suction of only 3–4 kPa in a gravelly sand.

5.4 Cone Permeameter

The Cone Permeameter (Kodešová et al. 1998) has a

porous filter close to the tip of a cone penetrometer

with two tensiometer rings fitted 50 and 90 mm

above the filter. A constant head is applied to the

filter for 5–10 min and tensiometer readings are

observed during water redistribution. Inverse analysis

is used to determine aw, ad, n (van Genuchten’s

parameters, with the subscripts aw and ad indicating

different values for wetting and drying) ksat and kA

(ratio of horizontal/vertical permeability) (Šimůnek

et al. 1998).

Gribb et al. (2004) show that for a silty sand k/ksat

drops to virtually zero by suctions of 10–20 kPa.

6 Conclusions

This paper has presented a review of techniques for

field measurement of suction and water content. The

main problems in the use of field tensiometers have

been addressed and hints on how to improve tensi-

ometer performance have been given. These include

locating the three essential components (the pressure

sensor, the reservoir of water and the porous filter) as

close as possible to each other and keeping the

volume of water in the piezometer as small as

possible whilst allowing the incorporation of a system

for removing air from the tensiometer. In addition, it

is essential that there is continuity between the soil

water and the water in the piezometer at all times.

Cement-bentonite grout has been shown to work well

in this respect. To date, tensiometers that can measure

suction continuously over a relatively long period

time have a suction range limited to *80 kPa.

Advantages and limitations of instruments for

indirect measurement of suction have also been

discussed. Electrical conductivity, thermal conduc-

tivity, and dielectric permittivity sensors all share an

unsaturated porous element that comes to equilibrium

with the surrounding soils. This inevitably introduces

a time-lag in the response of these instruments which

can be of the order of days and that make them

unsuitable for use in a rapidly changing moisture
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environment. The same problem affects the psy-

chrometer as equalization occurs through the water

vapour phase. The main advantage of these sensors is

that they do not require maintenance and can be left

unattended for long periods of time.

Water content measurement is less problematic

than suction measurement, the sensor response is

much faster and soils can be continuously monitored

also when suction is outside the range of 0–80 kPa. In

this paper, the dielectric properties of the soil and its

constituents and also the interaction between electro-

magnetic waves and the soil components have been

examined first. It has then been shown that interpre-

tation of dielectric measurement is relatively

straightforward as long as the measurement fre-

quency falls in a range where ionic losses are

negligible. In practice, this occurs when the pore

water has low electrical conductivity and the amount

of bound water is negligible (soils having low cation

exchange capacity). When this is not the case,

interpretation may be problematic. In this respect,

TDR is preferable to capacitance and ADR methods

as it is less sensitive to bulk electrical conductivity.

Methods for measurement of field hydraulic con-

ductivity have been only briefly reviewed to show

how suction and water content field measurement can

be used to determine field hydraulic conductivity. A

more detailed review is out of the scope of the paper

and the reader may refer to other reports found in the

literature.
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Šimůnek J, Gribb MM, Hopmans JW, van Genuchten MT

(1998) Estimating soil hydraulic properties from field data

via inverse modeling. In: Proceedings of 2nd international

conference on unsaturated soils, vol 1. International

Academic Publishers, Beijing, 1998, pp 515–520

Skinner A, Hignett C, Dearden J (1997) Resurrecting the gypsum

block for soil moisture measurement, Australian Viticul-

ture, October/November 1997, http://www.sowacs.com/

feature/mea/mea.html

Smith MW, Patterson DE (1984) Determining the unfrozen

water content in soils by time-domain reflectometry.

Atmosphere-Ocean 22 261–263

Spaans EJA, Baker JM (1993) Simple baluns in parallel probes

for time domain reflectometry. Soil Sci Soc Am J 57:668–

673

Sposito G (1984) The surface chemistry of soils. Oxford

University Press, New York
Sposito G, Prost R (1982) Structure of water adsorbed on

smectites. Chem Rev 82:553–572

Stephens DB (1995) Vadose zone hydrology. CRC Press, Boca

Raton, 347 pp

Stogryn A (1971) Equations for calculating the dielectric

constant of saline water. IEEE Trans Microwave Theory

Tech 19:733–736

Sweeney DJ (1982) Some insitu soil suction measurements in

Hong Kong’s residual soil slopes. Proc 7th Southeast

Asian Geotechnical Conf 1:91–106

Topp GC, Davis JL (1985a) Measurement of soil water content

using time-domain reflectometry (TDR): a field evalua-

tion. Soil Sci Soc Am J 49:19–24

Topp GC, Davis JL (1985b) Time domain refelctometry and its

application to irrigation scheduling. Advances in irriga-

tion, vol 3, Academic Press, pp 107–127

A. Tarantino et al. (eds.), Laboratory and Field Testing of Unsaturated Soils 169



Topp GC, Reynolds WD (1998) Time domain reflectometry: a

seminal technique for measuring mass and energy in soils.

Soil Tillage Res 47:125–132

Topp GC, Davis JL, Annan AP (1980) Electromagnetic

determination of soil water content: measurements in

coaxial transmission lines. Water Resour Res 16:574–582

Topp GC, Davis JL, Annan AP (1982) Electromagnetic

determination of soil water content using TDR: II. Eval-

uation of installation and configuration of parallel

transmission lines. Soil Sci Soc Am J 46:678–684

Topp GC, Davis JL, Bailey WG, Zebchuk WD (1984) The

measurement of soil water content using a portable TDR

hand probe. Can J Soil Sci 64:313–321

Topp GC, Yanuka M, Zebchuk WD, Zegelin S (1988) Deter-

mination of electrical conductivity using TDR: soil and

water esperiments in coaxial lines. Water Resour Res

24(7):945–952

Topp GC, Zegelin S, White I (2000) Impacts of the real and

Imaginary components of relative permittivity on TDR

measurements in soils. Soil Sci Soc Am J 64:1244–1252

Vaunat J, Romero E, Jommi C (2000) An elastoplastic hydro-

mechanical model for unsaturated soils. In: Proceedings

of international workshop on unsaturated soils: experi-

mental evidence and theoretical approaches, Trento, Italy,

pp 121–138

Wang Z, Lao YD (2002) Measurement of matric suction of

Loess in Shanxi Province. In: Jucá, JFT, de Campos,
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Abstract Among the various components of the

water balance, measurement of evapotranspiration

has probably been the most difficult component to

quantify and measure experimentally. Some attempts

for direct measurement of evapotranspiration have

included the use of weighing lysimeters. However,

quantification of evapotranspiration has been typi-

cally conducted using energy balance approaches or

indirect water balance methods that rely on quanti-

fication of other water balance components. This

paper initially presents the fundamental aspects of

evapotranspiration as well as of its evaporation and

transpiration components. Typical methods used for

prediction of evapotranspiration based on meteoro-

logical information are also discussed. The current

trend of using evapotranspirative cover systems for

closure of waste containment facilities located in arid

climates has brought renewed needs for quantification

of evapotranspiration. Finally, case histories where

direct or indirect measurements of evapotranspiration

have been conducted are described and analyzed.

Keywords Evapotranspiration � Water balance �
Cover system � Unsaturated soils �
Measurement

1 Introduction

The interaction between ground surface and the

atmosphere has not been frequently addressed in

geotechnical practice. Perhaps the applications where

such evaluations have been considered the most are

in the evaluation of landslides induced by loss of

suction due to precipitations (e.g., Alonso et al. 1995;

Shimada et al. 1995; Cai and Ugai 1998; Fourie et al.

1998; Rahardjo et al. 1998). Yet, the quantification

and measurement of evapotranspiration has recently

received renewed interest. This is the case, for

example, due to the design of evapotranspirative

cover systems for waste containment and mining

sites. In cases like this, quantification of the flow

boundary condition at the earth-atmosphere interface

becomes an integral aspect of the analysis and design

of the geotechnical system.

Paradoxically, examination of the atmospheric

water balance in different regions through the world

has shown that evapotranspiration often exceeds

precipitation (Blight 1997). This is the case of arid or

semi-arid regions over most of the year as well as of

most regions with temperate climate over long portion

of the year. Recent assessment on hazards caused by

droughts showed that the evapotranspiration is an
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important phenomenon that should be accounted for in

natural hazards analysis. In France, the extensive

drought from 1989 to 1990 affected shallowly founded

buildings of 216 communes in 17 departments (Van-

dangeon 1992). In the decree of November 1, 2005

(French Official Journal 1.2), more than 870 com-

munes were considered affected by the 2003 drought.

In other countries, a number of case studies involving

the effect of prolonged periods of evapotranspiration

were performed (Driscoll 1983; Biddle 1983; Williams

and Pidgeon 1983; Ravina 1983; Holtz 1983; Gao

1995; Allman et al. 1998). It is now recognized that

hazards related to droughts have an important eco-

nomical impact, and deserve additional research.

In addition to the geotechnical engineering prob-

lems associated with the changes in mechanical

properties of soil induced by infiltration and evapo-

transpiration, current advances in geoenvironmental

engineering have often focused on the effect of

infiltration and evapotranspiration on the hydraulic

properties of soils. Quantification of evapotranspira-

tion has been particularly relevant for the design of

cover systems, which is one of the key engineered

components of municipal and hazardous waste land-

fills as well as mine disposal sites. The cover system

should be designed to minimize percolation of rain-

water into the waste and prevent leachate generation

that may lead to environmental contamination of soil

and groundwater. A conventional ‘‘resistive barrier’’

type cover system involves a liner (e.g., a compacted

clay layer) constructed with a low saturated hydraulic

conductivity (typically 10-9 m/s or less) to reduce

percolation. Figure 1a illustrates the water balance

components in this comparatively simple system, in

which percolation control is achieved by maximizing

overland flow. However, designing a truly imperme-

able barrier (i.e., one leading to zero percolation)

should not be within any engineer’s expectations.

Instead, the engineer should be able to design a system

that minimizes percolation to environmentally safe

values. Quantification of this minimized, though finite,

percolation of liquid into the waste poses significant

challenges.

Figure 1b illustrates schematically the water bal-

ance components in an evapotranspirative cover

system. Evapotranspiration and moisture storage,

two components that are not accounted for in the

design of resistive barriers, are significant elements in

the performance of this system. The uniqueness of this

approach is the mechanism by which percolation

control is achieved: an evapotranspirative cover acts

not as a barrier, but as a sponge or a reservoir that

stores moisture during precipitation events, and then

releases it back to the atmosphere by evapotranspira-

tion. The adequacy of alternative cover systems for

arid locations has been acknowledged by field exper-

imental assessments (e.g., Anderson et al. 1993;

Dwyer 1998; Nyhan et al. 1997), and procedures for

quantitative evaluation of the variables governing the

performance of this system have been compiled in a

systematic manner for final cover design (e.g., Zorn-

berg and Caldwell 1998; Zornberg et al. 2003).

Recent developments in unsaturated soil mechanics

enable preliminary predictions of evapotranspiration

and infiltration of surface water. Water flux on the

ground surface is often calculated as a function of the

recorded precipitation. On the other hand, evapotrans-

piration through the upper boundary has been often

defined based on the soil suction and temperature at the

ground surface. However, evapotranspiration can also

be determined based on the energy balance between

solar radiation, sensitive heat of air, soil heat flux and

heat latent for the need of evaporation. The main

advantage of this energy balance approach is that it

avoids direct suction measurement. Yet, evapotrans-

piration has been probably the most difficult water

balance component to quantify and measure experi-

mentally. Accordingly, the most common approach

has involved quantifying evapotranspiration indirectly

by monitoring other components of the water balance.

Methods for direct measurement of evapotranspira-

tion, energy balance methods, and water balance

methods are discussed in this paper.

2 Solar Radiation

Evapotranspiration is governed by part of the energy

coming from the sun. It is well known (see for

Precipitation

Percolation

Overland Flow

(a) 
Precipitation

Evapotranspiration 

Percolation 

Overland Flow

Moisture
Storage

(b)

Fig. 1 Water balance components: (a) in a resistive barrier;

(b) in an evapotranspirative cover system
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instance Pidwirny 2006) that the emission rate of the

sun is estimated as 63 million W/m2. However, as this

radiation travels away from the sun, the amount that

strikes another object depends on its distance from the

sun. The portion that reaches the earth’s atmosphere is

called the solar constant (approximately 1380 W/m2).

Once solar radiation reaches the top of the atmo-

sphere, it is absorbed, scattered, or transmitted

through the atmosphere. Since 30% is scattered back

to space (earth’s albedo), the earth’s atmosphere only

receives 70% of the incoming (incident) radiation.

Of the 70% radiation that is transmitted through

the atmosphere, 19% get absorbed by gases, primarily

molecular oxygen and ozone. The remaining 51% is

transmitted to the earth’s surface. The solar constant

can be used to calculate the possible limit to daily

evapotranspiration. Specifically, assuming that (i)

51% energy flux (i.e. 704 W/m2) is used for evapo-

ration of pure water (it is of course not the case as

discussed subsequently), (ii) the solar power is

parabolically distributed during the day, and (iii)

from zero at dawn to zero at sunset, the albeto is 15%

(the value can be vary variable according to the soil

surface nature, from 5% to 50% in most cases), the

maximum solar energy needed to produce evapora-

tion is 17.2 MJ/m2 for a 12 h day (i.e. 2/3 9 704 9

0.85 9 12 9 3600 = 17233917 J/m2). The latent

heat of evaporation of water is about 2.47 MJ/kg

and hence the maximum possible evapotranspiration

6.9 mm of water (i.e. 17.234/2.47 = 6.9 kg water/m2).

The balance at the earth’s surface between

incoming and outgoing components of radiant energy

is characterized by the net radiation Rn (W/m2):

Rn ¼ Sþ Dð Þ 1� að Þ þ Ldown � Lup

� �
ð1Þ

where S (W/m2) is the direct shortwave radiation

corresponding to the shortwave radiation penetrating

directly to the surface without being affected by the

atmosphere constituents; D (W/m2) is the diffuse

shortwave radiation corresponding to the shortwave

radiation scattered or diffused by atmosphere con-

stituents (clouds, dust etc.); a is the albedo

corresponding to the proportion of radiation reflected

from the ground surface, governed primarily by

surface color and incitation angle of the sun; Lup (W/

m2) is the terrestrial radiation corresponding to the

longwave radiation emitted by the earth’s surface;

Ldown (W/m2) is the atmospheric counter radiation

corresponding to the longwave radiation emitted by

the atmosphere directed towards the surface. The

magnitudes of Lup and Ldown depend on the temper-

ature of the emitting body.

3 Soil Water Balance

The soil water balance can be represented as follows:

P� Int þ Roffð Þ ¼ ET þ Rwt þ DS ð2Þ

where P (mm/day) is precipitation; Int (mm/day) is

interception; Roff (mm/day) is the runoff on ground

surface; ET (mm/day) is evapotranspiration; Rwt

(mm/day) is the water recharged to the water table;

DS is the change in soil water storage.

Interception corresponds to the storage of water

above the ground surface, mostly in vegetation. It is

usually negligible but can reduce precipitation inten-

sity in case of dense forest canopy. The term (Rwt + S)

represents the water infiltration I, therefore:

I ¼ Rwt þ Sð Þ ¼ P� Int þ ET þ Roffð Þ ð3Þ
In soil water balance, the evapotranspiration term

ET is governed by the energy and mass exchanges

between soil and atmosphere. It is discussed in more

detail in Sect. 4.

4 Evapotranspiration

Evapotranspiration is composed of the direct evapo-

ration, which takes place from the soil surface, and of

the transpiration from vegetation. The roots of

vegetation capture soil water, part of which evapo-

rates through the stomata (micropores) of the leaves,

while the rest is used for photosynthesis. Evapotrans-

piration depends on two elements: the heat supplied

by solar radiation and the water available in the soil.

While the quantity of solar energy reaching the

ground surface is approximately constant, evapo-

transpiration is very sensitive to the climate

variations and plant characteristics.

4.1 Evaporation

Evaporation involves the change in water state from

liquid to water vapor due to an increase of water

kinetic energy. During evaporation, hydrogen bonds
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are broken and water vapor is diffused from regions

of higher to lower vapor pressure, i.e., from the

ground surface to the surrounding air. Water vapor

consists entirely of free water molecules, while liquid

water consists of both free and bonded molecules.

Evaporation from soils is an important phenome-

non that should be quantified in order to define the

surface flux boundary condition in an unsaturated flow

analysis. Evaluation methods based on either soil

water balance or experimental characterization have

been proposed by Philip (1957), Gardner and Hillel

(1962), Gardner (1973), Brutsaert (1982), Boast

(1986), Evett et al. (1994), Wilson et al. (1994,

1999) and Raghuywanshi and Wallender (1998).

Evaporative processes are typically modeled isother-

mally. This is a simplified analysis because thermally

induced flow of water through unsaturated soil may

also occur by vapor diffusion. A more realistic

evaporation analysis requires consideration of thermal

effects. The phenomenon of thermally induced water

flow was investigated by Milly (1996) and Kampf and

Von der Hude (1995). Heat flux phenomena in soils

that lead to thermally induced flow was also investi-

gated by Qualls and Brutsaert (1996a, b). Fischer

et al. (1996) modeled soil vapor extraction, and

compared experimental data to calculation results.

Additional discussion on surface flux boundary con-

ditions was provided by Wilson (1997, 2000).

Evaporation rate is governed by several factors, as

follows (see Dingman 1994):

(1) General factors, including: (i) latent heat for

evaporation, the major source of which is the

solar energy so that the distribution of radiation

and evaporation is strongly correlated (maxi-

mum evaporation in the tropics and during the

warmest part of the day); (ii) sensitive heat of

air; (iii) air temperature, which is a measure of

heat energy and of the capacity of air to hold

water vapor (i.e. the saturation vapor pressure

increases with increasing air temperature); (iv)

air humidity, an increase of which causes a

decrease in the rate of evaporation; (v) wind,

which causes eddy (turbulent diffusion) and

thereby maintains the vapor pressure gradient

between air and the evaporation surface (evap-

oration increases dramatically with increasing

turbulence, which is function of wind speed and

surface roughness).

(2) Additional factors controlling the rate of evap-

oration from water bodies, such as water

salinity.

(3) Additional factors controlling the rate of evap-

oration from soil, including: (i) soil water

potential, as the rate of evaporation decreases

significantly as soil dries out; (ii) depth of water

table, as evaporation rate decreases significantly

with increasing depth to the water table to a

critical depth below which groundwater does no

longer affect the evaporation rate, this critical

depth depending on the nature of the soils

involved; (iii) soil color, with greater absorption

of heat and thus evaporation for dark soils

(small albedo); (iv) vegetation, which reduces

evaporation by shading soil, reducing wind at

the ground surface and increasing vapor pres-

sure by transpiring water pressure.

4.2 Transpiration

Transpiration is the evaporation from the vascular

system of plants. Water absorbed by the roots raises

by capillary action to stomata cavities in the leaves,

from where it evaporates. The vapor pressure gradi-

ent between the leaf tissue (and bark, to a lesser

extent) and the surrounding air draws water from soil

into the roots and up the plant through the xylem. As

water evaporates within the leaves tissue, salt can

precipitate and further attract water by osmotic effect.

However, if the soil is saline, the salt concentration

gradient is reversed and water may be even drawn out

of plants.

Water uptake by plants and rooting depth of the

plant cover are another issue of relevance in the

analysis of evapotranspirative covers. Transpiration is

also used as boundary conditions in unsaturated flow

analyses. Ritchie (1972), Ritchie and Burnett (1971),

and Tratch et al. (1995) provide a summary of plant

transpiration in terms that engineers are familiar with.

The combination of evaporation and transpiration

into evapotranspiration has been discussed by Harg-

reaves (1994) and Pereira et al. (1999), and has been

modeled by Chudhury et al. (1986), Levitt et al.

(1996), Xu and Qiu (1997), etc. The ecology of plant

systems used for transpiration has also been a topic of

significant relevance, studied by Anderson et al.

(1987) and Anderson (1997). These studies
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concluded that a diverse group of plant species of

different heights and rooting depths are required for a

stable plant population.

Transpiration from different plants has been eval-

uated by Anderson et al. (1987, 1993), and Waugh

et al. (1991). Wu and Oster (1997) provide details on

several instruments used by agricultural scientists for

management of plants and soil water. Because of the

difficulty in measuring evaporation and transpiration

in the field, a common approach has been to conduct

water balance back calculation using lysimeters.

Nonetheless, Evett (1994) has used time domain

reflectrometry (TDR) to investigate thermal proper-

ties in soil, which is related to the amount of potential

evaporation. Evett (1993) used TDR and neutron

scattering to measure evapotranspiration.

5 Prediction of Evapotranspiration

Numerous predictive methods have been developed

to estimate evapotranspiration, including Penman’s

method, Penman–Monteith’s method, and Turc’s

method (see Guyot 1997 for a comprehensive

review). These methods are based on the concept of

Potential Evapotranspiration (PET). According to

Penman (1948), PET corresponds to the evapotrans-

piration rate from a large area completely and

uniformly covered with growing vegetation which

has unlimited supply of water without advection

(wind) and heat––storage effects. Since evapotrans-

piration depends on the type of vegetation, short grass

was adopted. Penman (1948) proposed the following

equation for PET (kg water/m2/day, i.e. mm/day)

calculation:

PET ¼ 1000DRn=ðqwLvÞ þ cEa

Dþ c
ð4Þ

where D ¼ 4099Pvs

Tþ237:3ð Þ2 (Pa/�C) is the slope of the curve

of saturated vapor pressure (Pa) versus temperature

(�C) at the prevailing temperature; Ea = 0.165

(Pvs - Pv) (0.8 + u2/100) (mm/day) where Rn is

the net radiation flux (J/(m2day)); qw is water density

(kg/m3); Lv is the latent heat of vaporization of water

(J/kg); c is the psychrometric constant (Pa/�C); Pvs is

the saturated vapor pressure (mbar); Pv is the actual

vapor pressure in air (mbar); u2 is the wind speed

at 2 m elevation (km/day). When wind speed is

measured at elevations other than 2 m, the speed at

2 m can be estimated as:

u2 ¼ uz
4:87

ln 67:8z� 5:42ð Þ

� �
ð5Þ

where uz is the wind speed at elevation z above the

ground surface. Note that in Penman’s equation, no

vegetation parameters are used even though short

grass is referred to.

6 Measurement of Evapotranspiration

6.1 Direct Measurement

For evapotranspirative covers, lysimetry involves the

use of buried containers used to collect percolating

soil water. Unlike apparatus involving monitoring of

suction profiles and indirect determination of flux,

lysimetry provides measurement of percolation rate

from an soil cover. Among the various types of

lysimeters, weighing lysimeters (Fig. 2) allow direct

measurement of evapotranspiration as they measure

the total weight of soil and stored water (Fayer and

Gee 1997; Benson et al. 2001). Changes of soil water

storage in a lysimeter can be determined by integrat-

ing profiles of water content measured using nests of

probes. Consequently, the remaining changes in mass

can be attributed to losses by evapotranspiration.

Fig. 2 Weighing lysimeter used in final cover studies at the

Hanford reservation in Washington, USA. (from Benson et al.

2001)
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Weighing lysimeters are typically limited to small

test sections (1–2 m2) because of the limited capacity

of scales (Waugh et al. 1991).

6.2 Energy Balance Approach

This approach involves quantification of exchanges

between soil and atmosphere. Specifically, these

exchanges involve energy (heat) and mass exchanges,

mostly by convection. The energy balance in the

earth-atmospheric system can be presented as:

Rn ¼ Le þ H þ G ð6Þ

where Le is the latent energy transfer (positive for

evaporation and negative for condensation); H is the

sensitive heat transfer (positive when energy is used

to warm the air and negative when the air loses

energy due to cooling); G is the ground heat transfer

(positive when energy is transferred to the subsurface

and negative when energy is transferred to the

atmosphere).

There are several methods for evapotranspiration

measurement: eddy correlation, flux profiles, residual

method and Bowen ratio method Kolle (1996).

Consistent with the Bowen ratio method, the sensitive

heat flux within a few meters of the surface, H, can be

expressed as:

H ¼ qaCpkH
oT

oz
ð7Þ

where qa (kg/m3) = 1.2929 (273.13/T (K)) [(P

(mm) - 0.3783 Pv (mm))/760] is air density which

depends on vapor pressure; the value of dry air is

generally considered: qa (kg/m3) = 1.2929 (273.13/T

(K)); Cp is specific heat of air (also the value for dry

air, 1.01 kJ/(kg K), can be generally assumed); T is

temperature (K); z is elevation (m); kH, eddy diffu-

sivity for air. The latent heat flux Le can be expressed

as follows

Le ¼
Lvqekv

P

oPv

oz
ð8Þ

where Lv (kJ/kg) = 2501 - 2.361T (�C) is latent

heat of vaporization; e is the ratio of molecular

weight of water to molecular weight of air

(e = 0.622); kv (m2/s), is eddy diffusivity for vapor;

Pv (kPa) is vapor pressure; P (kPa) is atmospheric

pressure which depends on elevation, as follows

(Wallace and Hobbs 1977):

P ¼ 101:325 1� z

44307:69231

� �5:25328

ð9Þ

In general, kv and kH are not known but are

assumed to be equal (Blight 1997). The ratio of H to

Le is then used to partition the available energy at the

surface into sensitive and latent heat flux. This ratio

was first defined by Bowen (1926), and is known as

the Bowen ratio b:

b ¼ H

Le
¼ PCp

Lve
oT

oPv
¼ c

oT

oPv
ð10Þ

where c = PCp/(Lve) is the psychrometric constant.

Knowing the net radiation flux Rn, the total soil

heat flux G and the Bowen ratio b, the latent heat flux

can be obtained as:

Le ¼
Rn � G

1þ b
ð11Þ

Bowen ratio can be determined by measuring the

temperature T and the vapor pressure Pv at two

elevations: water vapor pressure is often measured

with a single cooled mirror dew point hygrometer

(e.g., Campbell Scientific BR023 1998). Air temper-

ature can be measured using different thermocouples.

For example, Campbell Scientific uses two chrome––

constantan thermocouples. Soil heat flux can be

measured using heat flux plates buried in the soil at a

fixed depth. The plates are typically buried at a depth

of 8 cm (Campbell Scientific 1998). The average

temperature of the soil layer above the plate is

measured using 2–4 thermocouples. The heat flux at

the surface can be calculated by adding the heat flux

measured by the plates to the energy stored in the soil

layer. The storage term is calculated by multiplying

the soil heat capacity Cs by the change in soil

temperature DT over the averaging period t:

S ¼ DTCsd

t
ð12Þ

where d is the plate depth. The soil heat capacity can

be calculated by adding the specific heat of the dry

soil Cd to that of the soil water Cw:

Cs ¼ qd Cd þ wCwð Þ ¼ qdCd þ hqwCw ð13Þ

where qd and qw are soil dry density (kg/m3) and

water density (kg/m3) respectively; w and h are

gravimetric and volumetric water content respec-

tively. Figure 3 illustrates a soil heat flux system

(Campbell Scientific 1998).

176 A. Tarantino et al. (eds.), Laboratory and Field Testing of Unsaturated Soils



The measurement of Rn is carried out using a net

radiometer. Figure 4 illustrates a Bowen ratio system

(Blight 1997), which includes two arms at different

elevations where temperature and vapor pressure are

monitored. A net radiometer is also installed for Rn

measurement.

6.3 Water Balance Approach

Evapotranspiration can also be measured indirectly

by quantifying other components in the water

balance. Specifically, precipitation, surface water

runoff, changes in moisture storage, and basal

percolation. As mentioned, lysimeters have been

used to monitor basal percolation (e.g., Fig. 5). Note

that in a natural soil profile, monitoring of basal

percolation is usually not possible because of diffi-

culties associated with the installation of a draining

layer. In addition, the possible recharge of the soil

from the water table may affect water content

measurements. This limits the use of lysimeters in

natural soil profiles.

Fig. 3 Soil heat flux

measurement (Campbell

Scientific system 1998)

Fig. 4 System of Bowen

ratio measurement (Blight

1997)
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Basal percolation, precipitation, changes in soil

moisture storage, and surface water runoff are

typically monitored on a daily basis. In addition,

solar radiation, wind speed and direction, and

percentage cloud cover are also measured. Figure 6

shows typical monitoring layout used in sites where

evapotranspiration is defined indirectly using a water

balance approach.

Considering the conservation of mass of water into

and out of the cover, the evapotranspiration may be

obtained as follows:

ET ¼ P� G� DS� Roff ð14Þ

where ET = evapotranspiration; P = precipitation;

G = basal percolation; DS = change in moisture

storage; Roff = surface water runoff. Rain and snow

can be measured using an all season gauge. Perco-

lation is channeled from the lysimeter by gravity and

measured in a sump using a tipping-bucket rain

gauge. The moisture content profile is typically

measured in the center of the lysimeter using an

array of time domain reflectometer sensors, wave

content reflectometer (WCR) sensors, or moisture

probes spaced evenly with depth. Surface water

runoff is typically collected in geomembrane swales

around the cover perimeter.

TDR, nuclear moisture probes and other tech-

niques have been used to measure suction-saturation

curves and other unsaturated flow phenomena. Ben-

son et al. (1994) describes the monitoring system for

a typical landfill cover. Several field studies were

discussed by Gee et al. (1991), Phillips et al. (1991),

and Allison et al. (1994). Gee and Hillel (1988)

reviewed several methods for estimating percolation

through soil covers. Campbell et al. (1991) describes

the use of lysimeters to conduct water balances.

Additional water balance studies were reported by

Nyhan et al. (1990, 1997), Warren et al. (1994,

1996), Hakonson et al. (1994), Khire et al. (1997a,

b), Waugh et al. (1991), and Anderson et al. (1998).

Water balance approaches have often been used in

the US as part of the selection and performance

evaluation of alternative cover systems suitable for

arid or semi-arid climates, as discussed by Anderson

et al. (1998), Stormont (1995), Benson and Khire

(1995), Wing and Gee (1989, 1994), Gee and Ward

(1997), and Dwyer (1998, 2001).

7 Case Histories Involving Monitoring

of Evapotranspiration

This section presents some cases studies aiming at

illustrating each of the three methods for quantifica-

tion of evapotranspiration.

7.1 Direct Measurement: Monticello (US)

The U.S. Department of Energy (DOE) conducted a

series of field lysimeter experiments to help design

and then monitor the performance of an engineered

cover for a uranium mill tailings disposal cell at a

Superfund Site in Monticello, Utah (Waugh 2002).

The lysimeter test facility evolved as a sequence of

Fig. 5 Schematic of lysimeter

used in final cover studies (Khire

et al. 1997)

Fig. 6 Monitoring system layout
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installations, first to test the concept of using an

evapotranspirative cover at Monticello, next to eval-

uate the soil–water balance of the final engineered

design, and finally to monitor the hydrologic perfor-

mance of a large facet of the completed disposal cell

cover. Small weighing lysimeters were installing

containing intact, 100-cm-deep profiles of undis-

turbed silt loam soil (monoliths) overlying a pea-

gravel capillary barrier and supporting mature native

grasses. Leaf water potential and leaf transpiration of

plants on and adjacent to the lysimeters were

compared to evaluate the effect of the small weighing

lysimeter design on plant behavior. Because of

favorable monolith lysimeter results, 15 additional

small weighing lysimeters were installed to test the

effects of varying soil types and soil layer thickness

on soil-water balance and water-storage capacity.

This study evolved into the construction of large

caisson lysimeters to evaluate the water balance of

the final cover design for the Monticello disposal cell.

The cover layer constructed inside the caissons

matched as-built engineering parameters for the

actual cover.

Plants growing on and adjacent to the lysimeters

(P. smithii) were sampled to evaluate the effects of

isolating a soil monolith on plant water status.

Predawn leaf water potential values were measured

monthly during the growing season using a pressure

chamber technique (Scholander et al. 1965). Predawn

potential values for P. smithii growing on and

adjacent to the lysimeters were similar early in the

growing season, diverged significantly during the

mid-summer moisture depletion period, and then

reconverged following the late-summer monsoons

(Fig. 7).

Some divergence of predawn potential values for

P. smithii on and adjacent to the lysimeters was

observed, indicating that plants were seasonally more

stressed inside the lysimeters than in the adjacent

plant community. This suggests that small lysimeters

moderately underestimates ET. However, for screen-

ing tests consisting of multiple treatments and

replications, it was concluded that the small lysime-

ters provided reasonable comparisons of the

hydrologic performance of evapotranspirative cover

designs.

Overall, the use of weighing lysimeters allowed

direct quantification of the ET; on the other hand, the

use of small devices may have compromised quan-

tification of flow through macro-fractures as cracks.

Fig. 7 Predawn leaf water

potential values for

P. smithii growing on and

adjacent to the small

monolith lysimeters

between May and

November 1991 and

between May and October

1993 (Waugh 2002)
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The use of large lysimeters (without weighing

capabilities) is discussed in the case history presented

in Sect. 7.3.

7.2 Energy Balance Approach: Boissy-le-Châtel

(France)

In a common meteorology station only data at 2 m

elevation are available and thus the Bowen ratio is

generally not measured. In this case, it is necessary to

use numerical methods to determine Le indirectly.

From a point of view of geotechnical engineering,

knowing Le is essential to subsequently analyze the

soil settlement and slope stability problem due to

evapotranspiration, because it is possible to deter-

mine the variations of soil temperature and water

content using an appropriate method. Cui et al.

(2005) used the two coupled equations (Eq. 15 and

Eq. 16) proposed by Wilson et al. (1994) to calculate

b and determine the temperature and water content

profiles in the soil:

ohW

ot
¼ C1

W

o

oy
kW

ohW

oy

� �
þ C2

W

o

oy
DV

oPV

oy

� �
ð15Þ

with C1
W ¼ 1

qW gmW
2

and C2
W ¼ PþPV

P qWð Þ2gmW
2

where

hw = water head; kw = water permeability depending

on the suction; Dv, = vapour diffusivity; Pv = vapour

partial pressure; P = atmospheric pressure; mW
2 =

slope of the water retention curve expressed in terms

of volumetric water content versus suction;

y = elevation.

Ch ¼
oT

ot
¼ o

oy
k
oT

oy

� �
� LV

Pþ PV

P

o

oy
DV

oPV

oy

� �

ð16Þ

where Ch = soil heat capacity; T = temperature,

t = time; k = soil thermal conductivity. Note that

because of the lack of information, a constant value

of G/H ratio was adopted in the calculation, suggest-

ing that the heat fluxes through soil and air remain

proportional. An initial b value of 0.01 was consid-

ered, enabling the calculation of H and Le from the

energy balance equation (Eq. 6), and thus the

determination of initial upper boundary condition at

the ground surface. The numerical resolution of the

two-coupled equations (Eqs. 15 and 16) provided a

profile of temperature T and of partial vapour

pressure Pv that allowed the calculation of vapour

flux or evaporation at the ground surface. This

evaporation was compared with the target value

calculated from field data using Penman–Monteith

equation and the difference was compared to a

maximum acceptable value taken equal to 0.01. In

case of a larger difference, the iterative process was

renewed based on a different value of b, until the

required convergence was reached. The profiles of

temperature, volumetric water content were then

determined.

Data from the site of Boissy-le-Châtel (France)

were evaluated using this method. The site is located

about 50 km East of Paris in the South of the Orgeval

basin. Main meteorology data of 2003 (air temper-

ature, air relative humidity and solar radiation) are

presented in Figs. 8–10, respectively. It is observed

that the air temperature is generally above 0�C, with

August the hottest month (maximum temperature

reaches 40�C). Comparison between Figs. 8 and 10

show that the air temperature changes correlate well

with solar radiation. The relative humidity varies

between 30 and 100% (Fig. 10), but it does not

necessary follow the precipitation pattern. This

confirms that relative humidity depends not only on

precipitation, but also on air temperature and wind

speed.

The potential evapotranspiration PET calculated

using Penman–Monteith equation is presented in

Fig. 11. Summer is the season where evaporation is

most pronounced (July and August). Intense evapo-

ration is also observed by the middle of April (6 mm/

day), which corresponds to the particularly low

relative humidity observed during that period (30%,

Fig. 10).

Figure 12 presents the soil temperature variation

obtained from TDR probes. The data shows that
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temperature is higher at deeper soil layer in cold

seasons (January–March, October–December), but

this trend inverses in the other seasons. Examination

of Fig. 11 shows that evaporation is negligible in the

cold seasons. Figure 13 shows the comparison

between the measured and predicted volumetric

water content at four different depths (25, 35, 45

55 cm) for the period of April 1999 (Cui et al. 2005).

The good agreement clearly shows the validity of the

adopted method. Figure 14 presents the comparison

between measured and calculated temperature at

0.5 m depth, with equally satisfactory results.

7.3 Water Balance Approach: Rocky Mountain

Arsenal (US)

A series of instrumented test plots were constructed at

the Rocky Mountain Arsenal, located near Denver,

Colorado, USA, in Summer 1998 (Kiel et al. 2002;

Zornberg and McCartney 2003). The climate in

Denver is semiarid, with an average annual precip-

itation of 396 mm and an average pan evaporation of

1,394 mm (quantified from 1948 to 1998). The

wettest months of the year (April–October) are also

the months with the highest pan evaporation; which

are optimal conditions for an evapotranspirative

0

10

20

30

40

50

60

70

80

90

100

date (day/month)

R
H

 (
%

)

1/1 1/2 1/3 1/4 1/5 1/6 1/7 1/8 1/9 1/10 1/11 1/12

Fig. 9 Air relative humidity variation during the year 2003 in

Boissy-le-Châtel

0
1000
2000
3000
4000
5000
6000
7000
8000
9000

10000
11000
12000
13000
14000
15000

1/
1

1/
2

1/
3

1/
4

1/
5

1/
6

1/
7

1/
8

1/
9

1/
10

1/
11

1/
12

Date (day/month)

S
o

la
r 

ra
d

ia
ti

o
n

 (
kJ

/m
²d

ay
)

Fig. 10 Solar radiation during the year 2003 in Boissy-le-

Châtel

0

1

2

3

4

5

6

7

8

Date (day/month)

P
E

T
 (

m
m

/d
ay

)

1/1 1/2 1/3 1/4 1/5 1/6 1/7 1/8 1/9 1/10 1/11 1/12

Fig. 11 PET during the year 2003 in Boissy-le-Châtel

0

5

10

15

20

25

1/1 1/2 1/3 1/4 1/5 1/6 1/7 1/8 1/9 1/10 1/11 1/12

Date  (day/month)

S
o

il 
te

m
p

er
at

u
re

 (
°C

)

100 cm

50 cm

Fig. 12 Soil temperature variation during the year 2003 in

Boissy-le-Châtel

0 5 10 15 20 25 30
25

27

29

31

33

35

37

39

41

Day (April, 1999)

V
ol

um
et

ric
 w

at
er

 c
on

te
nt

 (
%

)

Simulation
25 cm
35 cm
45 cm
55 cm

Fig. 13 Comparison between measured and calculated water

content at different depth, (Boissy-le-Châtel, Cui et al. 2005)

A. Tarantino et al. (eds.), Laboratory and Field Testing of Unsaturated Soils 181



cover. The test cover analyzed in this study was

constructed by placing a 1,168 mm layer of low

plasticity clay soil atop a large pan lysimeter (9.1 m

by 15.2 m). The soil was placed at 70% relative

compaction with respect to standard proctor maxi-

mum dry density (1,960 kg/m3). The lysimeter

consists of a geocomposite for water collection

(consisting of a geonet for in-plane drainage sand-

wiched between two geotextiles) underlain by a

geomembrane. The lysimeter was placed on a 3%

grade, which allows gravity drainage through the

geocomposite. The soil used was a low plasticity clay

(CL), with an average fines content of 43%, and an

average plasticity index (PI) of 15.4. The cover and

surrounding buffer zone were vegetated with local

grasses and shrubs, such as Cheatgrass.

Measurements obtained for water balance compo-

nents in the evapotranspirative cover at the Rocky

Mountain Arsenal were used to define the evapo-

transpiration component. The indirectly measured

evapotranspiration was subsequently compared

against predictions obtained using energy balance

methods and numerical simulations. Monitoring

commenced on July 10, 1998 (day 1), and continued

until July 31, 2003. Figure 15 shows the variation in

moisture content with time at three depths in the test

cover along with the percolation collected from the

lysimeter. The vertical dashed lines in the figures

denote January 1st of each monitoring year.

This figure indicates that the time periods when

percolation was collected in the lysimeter correspond

with the periods of increased moisture within the

cover. The surface moisture content fluctuates on a

daily basis, while the basal moisture content changes

in response to significant wetting events. The mois-

ture content was integrated over the cover depth to

calculate the cover moisture storage. Figure 16a

shows the cumulative values for the measured water

balance. Above average amounts of precipitation

occurred in 1999 and 2001, which corresponds to the

periods of increased moisture content observed in
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Fig. 15. The cover moisture storage increases in the

early portion of each year in response to higher

precipitation in the spring, while it decreases in

response to high evapotranspiration in the summer

and fall. Runoff was minimal, but it was observed to

follow the pattern of precipitation and was greatest in

the spring during heavy storms. Little runoff was

collected from melting snow. The percolation was a

comparatively small component of the water balance,

typically less than 0.02% of the precipitation.

Figure 16b shows the cumulative ET calculated on a

daily basis using Eq. 14. The program REF-ET was

used to calculate the potential evapotranspiration

(PET) for the years 1999 to 2002 (Allen 2001). This

program solves for the PET using the Penman–

Montieth equation. The potential evapotranspiration

from REF-ET must be partitioned into the potential

transpiration Tp and the potential evapotranspiration

PET. This was achieved by using the Ritchie model

(Ritchie and Burnett 1971) to correlate the variation in

the leaf area index LAI with the partitioned evapo-

transpiration PET. LAI corresponds to the ratio of the

leaves area of plants to the area occupied by the plants.

Transpiration by root uptake is modeled using a sink

term in the Richards’ equation at each node (Simunek

et al. 1998). The Feddes model was used to calculate

the actual root uptake based on the available moisture

at each node and the capacity of the plants (Feddes

et al. 1978). The model requires a distribution of root

length density with depth, and an estimation of the

range of water contents at which plants will transpire.

Figure 17a shows the calculated change in moisture

content at three depths. The results shown in this figure

indicate that the numerical results obtained by solving

Richards’ equation yield similar results to those

observed in Fig. 15. However, the wetting front does

not reach the base of the cover (1,080 mm) until 2003.

This may be due to preferential flow in the field, or to

difficulties in modeling the boundary condition repre-

sentative of a lysimeter. Figure 17b shows a

comparison between the simulated surface evaporation

and transpiration values. This figure indicates that the

surface evaporation contributes approximately

1.5 times more to the removal of water from the cover

than plant uptake. The depth of influence of evapora-

tion depends on the moisture content of the near ground

surface soil. Roots remove moisture from the full cover

profile, but the amount of removal depends on water

availability and the season of year. Evaporation occurs

throughout the year, while transpiration occurs mostly

during the vegetation growing season.

Figure 17c shows a comparison between the sim-

ulated and the measured evapotranspiration. The two

quantities compare quite well. The measured ET

typically is slightly greater than the calculated ET.

Over the four-year monitoring period, ET removed

96% of the precipitation (1,565 mm out of 1,626 mm).

Negligible runoff was collected. Although Fig. 15
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indicates an increase in moisture content on several

occasions, ET led to relatively low moisture contents

throughout the soil profile at the end of the simulation.

Also, the percolation throughout the four-year simu-

lation period was less than 0.1 mm (0.02% of the

precipitation), indicating that the ET adequate enough

to lead to satisfactory cover performance.

8 Final Remarks

Among the various components of the water balance,

the evapotranspiration component has probably been

the most difficult component to quantify and measure

experimentally. Some attempts for direct measure-

ment of evapotranspiration have included the use of

weighing lysimeters. However, quantification of

evapotranspiration has been typically conducted

using energy balance approaches or indirect water

balance methods that rely on quantification of all

other water balance components. This report initially

presented the fundamental aspects of evapotranspira-

tion as well as of its evaporation and transpiration

components. Typical methods used for prediction of

evapotranspiration based on meteorological informa-

tion were also discussed. The current trend of using

evapotranspirative cover systems for closure of waste

containment facilities located in arid climates has

brought renewed needs for quantification of evapo-

transpiration. Accordingly, a brief overview of

evapotranspirative cover systems was presented in

this paper. Finally, case histories in which direct or

indirect measurements of evapotranspiration have

been conducted are described and analyzed.

Overall, significant improvements have been

recently made regarding monitoring of evapotranspi-

ration using direct methods (weighing lysimeter),

energy balance methods, and water balance

approaches. However, significant additional advances

should be made towards integrating the unsaturated

soil mechanics concepts with other areas such as

meteorology, agronomy, and biology in order to further

advance our ability to predict evapotranspiration.
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volume changes. Géotechnique 33(2):151–163

Ritchie JT (1972) Model for predicting evaporation from a row

crop with incomplete cover. Water Res Res 8(5):1204–

1213

Ritchie JT, Burnett E (1971) Dry-land evaporative flux in a

sub-humid climate, 2, plant influences. Agron J 63:56–62

Scholander PF, Hammel HT, Bradstreet ED, Hemmingsen EA

(1965) Sap pressure in vascular plants. Science 148:339–

346

Shimada K, Fujii H, Nishimura S, Morii T (1995) Stability

analysis of unsaturated slopes considering changes of

matric suction. In: Proceedings of the first international

conference on unsaturated soils UNSAT’95, vol. 1, Paris,

pp 293–299

Simunek J, Sejna M, van Genuchten M (1998) HYDRUS-1D:

code for simulating the one-dimensional of water, heat,

and multiple solutes in variably saturated porous media.

Version 2.02. International Groundwater Modeling Cen-

ter. Colorado School of Mines. Golden, CO

Stormont JC (1995) Alternative barrier layers for surface

covers in dry climates. asce special geotechnical publi-

cation no.7: geo-environmental issues facing the

Americas, ASCE, pp 150–155

Tratch DJ, Wilson GW, Fredlund G (1995) An introduction to

analytical modeling of plant transpiration for geotechnical

engineers. In: 48th Annual Canadian Geotechnical Con-

ference, Vancouver BC, pp 771–780

Vandangeon P (1992) Exemple de sinistres en région parisi-

enne. Revue Française de Géotechnique, n�58, pp 7–14
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Abstract Field monitoring is necessary for the

geotechnical engineer to verify design assumptions.

More importantly, the field data may also be assem-

bled into a comprehensive case record that is

available for use when checking validity of any

analytical and numerical models. The ongoing pro-

cess of back-analysis in unsaturated soil engineering

can help to refine and improve our understanding,

providing guidance for future designs, where the

effects of soil suction and hydraulic hysteresis are

still being explored. A range of recent field studies of

the mechanisms of rainfall infiltration into slopes is

presented. In addition, some physical simulations of

unsaturated soil slopes subjected to rainfall, rising

ground water table and changes of moisture in

centrifuge model tests are reported.

Keywords Field monitoring � Unsaturated �
Slope � Centrifuge

1 Introduction

Risk and unexpected ground response is inherent in

geotechnical engineering when dealing with natural

materials such as soil and rock. Field monitoring is

therefore essential and the data obtained may assist

with checking the validity of any analytical and

numerical models (Ng 1992). Back-analysis of data

from case histories is essential to assess how conser-

vative future design of soil-structures and soil slopes

will be, especially in unsaturated soil engineering,

where the influence of soil suction and hydraulic

hysteresis are now being considered in practice.

Recent field studies of the mechanisms of rainfall

infiltration into initially unsaturated weathered and

expansive soil slopes are reported. The importance of

monitoring both the suction and net stress state

variables and their effects on ground deformations

and earth pressure changes in an unsaturated expan-

sive soil slope are highlighted. Further examples from

slopes in well-graded alpine moraines, in more

uniformly graded fluvial sandy deposits and in alpine

permafrost are presented and the reliability of instru-

mentation discussed. Geophysical measurement

techniques are proposed as an alternative to long-

term field monitoring procedures. In addition, some

physical simulations of unsaturated soil slopes sub-

jected to rainfall, rising groundwater table and

changes of moisture are reported. Experience of

measuring soil suctions in centrifuge model tests is

discussed.
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2 Field Monitoring of Unsaturated Soil Slopes

Most on-shore soil slopes are initially unsaturated

prior to any rainfall. In addition to triggering by

earthquakes, extreme rainfall has caused many land-

slides, worldwide (Fukuoka 1980; Brand 1984;

Premchitt et al. 1986; Wolle and Hachich 1989;

Fourie 1996; Lim et al. 1996; Sun et al. 2000; Chan

and Ho 2001; Ng 2005; Ng and Zhan 2007; Ng and

Menzies 2007), and this may be expected to become

even more critical due to climate change effects in

terms of increased intensity of rainfall events and

shorter return periods (e.g. Schaer et al. 1998;

Proclim 2000). Additional challenges to slope stabil-

ity may arise through potential for melting of ice

from alpine permafrost (e.g. Dramis et al. 1995;

Haeberli et al. 1997; Arenson et al. 2002; Arenson

2003; Arnold et al. 2005).

Many rainfall-induced landslides occur above the

groundwater table, especially in tropical and sub-

tropical weathered soils (Brand 1984). With advances

in field instrumentation, numerous case histories

(Sweeney 1982; Lim et al. 1996; Deutscher et al.

2000; Adib 2000; Wang et al. 2000; Yagi et al. 2000;

Springman et al. 2003) have been reported in the

literature to investigate the mechanisms of rainfall

infiltration and their influence on slope stability in

various ground conditions worldwide. However, most

of the reported case histories appear to measure the

effects of one single stress state variable—suction or

water content and the second stress state variable—

net stress is generally ignored.

2.1 Field Monitoring in Weathered Geomaterials

in the Far East

Mechanisms and effects of rainfall infiltration into

weathered slopes have been monitored and studied

extensively in the Far East, particularly in Singapore

and Hong Kong (Sweeney 1982; Premchitt et al.

1992; Lim et al. 1996; Deutscher et al. 2000; Rah-

ardjo et al. 2005). The geology in the Far East is

influenced heavily by tropical and sub-tropical

weathering (Guan et al. 2001; Ng et al. 2001a), with

superficial deposits of fill, alluvium and marine

deposits in Hong Kong overlying weathered rock of

varied depth or colluvium on hillsides, above fresh

rock. The weathering profiles may include corestones

and may be somewhat erratic but can also vary

gradually from soil to rock. Table 1 sets out the

classification of rock decomposition grades used in

Hong Kong (GCO 1988). Saprolites are used to

describe ‘‘rock’’ of decomposition grades IV and V,

usually described as ‘‘soil’’. The term ‘‘rock’’ refers

only to material of decomposition grades I–III, with I

representing fresh rock. The occurrence of weath-

ering grade VI, referred to as ‘‘residual soil’’, is more

common in Singapore than in Hong Kong, due to

different degrees of weathering under local climatic

conditions.

Conventional tensiometers (i.e., those measuring

less than 100 kPa suction) and piezometers have been

used to measure negative and positive pore water

pressures (PWPs), respectively, in the field (see

Fig. 1). In addition to measuring PWPs, a rain gauge

has often been used to record rainfall intensity (Lim

et al. 1996; Rahardjo et al. 2005); and in situ double-

ring infiltrometer tests have been carried out to

measure mass permeability in the field (Deutscher

et al. 2000). To control rainfall duration, pattern and

intensity in the field and to differentiate the relative

percentages of rainfall infiltration and surface runoff,

artificial rainfall simulator and catchment areas have

been created (Premchitt et al. 1992; Springman et al.

2003; Rahardjo et al. 2005). Based on these reported

field studies, valuable data revealing the characteris-

tics and mechanisms of rainfall infiltration in

weathered materials were collected and used to

investigate rainfall-induced failure mechanisms in

the Far East (Rahardjo et al. 1998; Sun et al. 2000;

Ng et al. 2001b).

Despite the significant progress being made to

improve the understanding of the mechanisms of

rainfall infiltration in weathered geomaterials by

correlating relationships between the measured rain-

fall infiltration (and moisture contents) and soil

suction, no information about soil movements/defor-

mations and reliable earth pressures are available for

engineers to design their slopes/retaining walls for the

serviceability limit state and for academics to

calibrate their constitutive models fully, in terms of

two stress state variables (i.e., suction and net stress).

Usually, only a suction-water content relationship has

been considered, and the relationship between net

stress/earth pressure-displacement has been ignored

in most field monitoring programmes.
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2.2 Application of Field Monitoring

in Unsaturated Expansive Clays in China

2.2.1 The Study Site and Ground Conditions

Expansive soils can be found almost on all conti-

nents. A major infrastructure project in China, the

1,200-km long South-to-North Water Transfer Pro-

ject (SNWTP), carries potable water from the

Yangtze River region in the south to many arid and

semi-arid areas in the northern regions of China,

including Beijing. During the preliminary design, an

11-m high cut slope (see Fig. 2) in a typical medium-

plastic expansive clay in Zaoyang, close to the

‘‘Middle-route’’ of the SNWTP in Hubei, was

selected for a comprehensive instrumented field study

of rainfall infiltration, since at least 180 km passes

through areas of unsaturated expansive soils.

One of the major geotechnical problems is the

potential instability of the unsaturated expansive soil

slopes during rainfall (Bao and Ng 2000; Ng et al.

2003). To improve the fundamental understanding of

the mechanisms of rain-induced retrogressive land-

slides observed in the unsaturated expansive soils in

the area, a comprehensive field study was carried out

(Ng et al. 2003). The instrumentation included ten-

siometers, thermal conductivity suction sensors,

moisture probes, earth pressure cells (EPCs), incli-

nometers, settlement markers, a tipping bucket rain

gauge, a vee-notch flow meter and an evaporimeter.

The instrumentation was intended to investigate the

influence of the two independent stress state variables

Table 1 Classification of

rock material

decomposition grades (from

GCO 1988)

Descriptive

term (1)

Grade

symbol (2)

General characteristics for granitic

and volcanic rocks (3)

Residual soil VI Original rock texture completely destroyed

Can be crumbled by hand and finger pressure into

constituent grains

Completely

decomposed

V Original rock texture preserved

Can be crumbled by hand and finger pressure into

constituent grains

Easily indented by point of geological pick

Slakes when immersed in water

Completely discoloured compared with fresh rock

Highly

decomposed

IV Can be broken by hand into smaller pieces

Makes a dull sound when struck by geological hammer

Not easily indented by point of geological pick

Does not slake when immersed in water

Completely discoloured compared with fresh rock

Moderately

decomposed

III Cannot usually be broken by hand; easily broken by

geological hammer

Makes a dull or slight ringing sound when struck by

geological hammer

Completely stained throughout

Slightly

decomposed

II Not broken easily by geological hammer

Makes a ringing sound when struck by geological

hammer

Fresh rock colours generally retained but stained near

joint surfaces

Fresh I Not broken easily by geological hammer

Makes a ringing sound when struck by geological

hammer

No visible signs of decomposition (i.e., no discolouration)
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(i.e., soil suction and net stress) on the performance

of the slope.

As shown in Figs. 2 and 3, the study site area had a

uniform slope angle of 22� and there was a 1-m wide

berm at the mid-height of the slope. An area, 16-m

wide by 31-m long, with a cleared surface and a

significant depth of typical unsaturated expansive

soil, was selected for instrumentation and artificial

rainfall simulation tests. The ground level at the toe

of the slope is approximately +96-m Ordinary

Datum. The predominant stratum in the slope was a

brown and yellow stiff over consolidated fissured

clay, which was sometimes inter-layered with thin

layers of grey clay or iron concretions. The brown–

yellow clay contained about 15% hard and coarse

calcareous concretions (particle size generally from

30 to 50 mm). X-ray diffraction analyses indicated

that the predominant clay minerals are illite (31–

35%) and montmorillonite (16–22%), with some

kaolinite (8%) (Liu 1997). The natural water content

was generally slightly greater than the plastic limit

(wP = 19.5%, Ip = 30%), although this was much

lower within the top 1 m. The dry density profile

down to 2 m indicated a relatively dense soil layer

was present at a depth of about 1.5 m. Figure 3 shows

the locations and layout of some instruments (e.g. Ng

et al. 2003).

2.2.2 Key Results Obtained from Monitoring

Rainfall was produced artificially at the test site using

a sprinkler system, comprising a pump, a main water-

supply pipe, five branches and 35 sprinkler heads

(Zhan 2003; Zhan et al. 2006). The system could

produce three levels of rainfall intensity (i.e., 3, 6 and

9 mm/h). The site was fairly dry from November

2000 to April 2001, with a total rainfall of only

Fig. 1 Typical measured PWP distributions at shallow depths

in weathered soils in Singapore (Deutscher et al. 2000)

Fig. 2 Instrumented 16 m

by 31 m (sloping distance)

slope in expansive soils in

China (Ng et al. 2003)
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60 mm. Only about 40 mm of rainfall fell in May,

when the wet season generally begins. From June to

18 August, the monitored area was protected against

rainfall infiltration with a plastic membrane so that

the subsequent rainfall simulation tests started from

relatively dry soil conditions. Two artificial rainfall

events were simulated during the one-month moni-

toring period, from 13th August to 12th September,

2001. The first lasted for 7 days, from the mornings

of 18th–25th August, with an average daily rainfall of

62 mm. The second lasted from the morning of 8th

September to the afternoon of the 10th. The artificial

rainfall was stopped for two or 3 h during both

rainfall periods, in the morning of each day, to allow

measurement of horizontal displacements and soil

swelling, as well as to auger disturbed specimens for

the determination of gravimetric water content

(GWC) profiles. Apart from this, the artificial rainfall

intensity was maintained at 3 mm/h.

2.2.2.1 Responses of Soil Suction to Rainfall Typical

data are recorded by four tensiometers and four thermal

conductivity sensors at the middle section (R2)

(Fig. 4). Immediately prior to the first artificial

rainfall on 18th August, negative PWPs ranged from

18 to 62 kPa (Fig. 4a). As expected, the higher the

elevation of the tensiometer, the larger the negative

PWP. With the exception of the thermal conductivity

sensor (R2-TC-0.6) showing a very high soil suction of

about 250 kPa at 0.6 m below ground level (Fig. 4b),

soil suctions deduced from the remaining three sensors

were generally consistent with the measurements

obtained from the tensiometers.

After the first artificial rainfall event was started, the

negative PWP and soil suction measured by most

sensors only began to decrease after about 2 days of

rainfall (about 90 mm of rain). There was a clear delay

in PWP response to rainfall infiltration, even at a depth

of 0.6 m (Fig. 4a). Extending to a depth of 1.5 m, the

duration of delay appeared to decrease as depth

increased. Based on field reconnaissance and observa-

tions in trial pits, it was found that many cracks and

fissures occurred near the ground surface and a layer of

relatively impermeable material was identified at about

1.5 m below the ground surface. It is postulated that

since the intact expansive clay has relatively low water

permeability, water can only ingress the clay through

cracks and fissures so the tensiometers did not register

any significant changes of soil suction around their tips,

leading to the initial delay in response. Subsequently,

Fig. 3 Cross-section of the instrumented slope (Ng et al. 2003)
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when the infiltrated rain water started to rise from the

bottom of the cracks or from a perched water table

formed due to the presence of the impeding layer and

seep in all directions, the lower the tensiometer, the

quicker the response (i.e., the shorter the delay).

Obviously, a rapid response was shown by a sharp

reduction in negative PWP when water reached the

locations of the tensiometers above the impeding layer.

The tensiometer located below the impeding layer

showed the slowest and the most gradual rate of

response to rainfall and the lowest magnitude of

reduction of negative PWP.

After the first rainfall event, the lower three

tensiometers showed a gradual increase (or recovery)

in negative PWP, reaching an apparent steady state

condition after 2nd September, recording negative

PWP from 3 to 10 kPa. The rate of recovery was very

similar for the lower three tensiometers, although the

top one showed a much more rapid recovery initially.

However, the final magnitudes of recovered negative

PWP fell within a narrow range and did not appear to be

strongly governed by the depths of the tensiometers.

During the second artificial rainfall event, the

lower three tensiometers showed almost no delay in

response to the rainfall. There was a change in PWP

from negative to positive, although the magnitude of

the change (about 10 kPa) was not very significant.

The top tensiometer showed a 1-day delay in

response. However, the ‘‘final equilibrium’’ PWPs

recorded during the second rainfall event were

similar to those measured during the first one.

The general responses of indirect soil suction

measurements by thermal conductivity sensors to the

two artificial rainfall events (see Fig. 4b) were similar

to those recorded by the tensiometers, except that the

former showed a slower rate of response than the latter.

Fig. 4 Response from

suction sensors located at

R2: (a) PWPs measured by

tensiometers; (b) soil

suctions measured by

thermal conductivity

sensors (Ng et al. 2003)
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The magnitude of PWPs measured by the two different

types of sensor was generally consistent, particularly at

the depth of 1.6 m below ground. However, the

inconsistency shown between the two sensors located

at the depth of 0.6 m before the first rainfall may be due

to the inherent limitation of tensiometers caused by

cavitation at suctions greater than circa 80 kPa.

Measurements of volumetric and GWCs are not

discussed in this paper (see Ng et al. 2003; Zhan

2003).

2.2.2.2 Changes of Horizontal Total Stresses Figure 5

shows the total stress ratio (rh/rv) measured with time

from six vibrating-wire EPCs. All EPCs were installed

at a depth of 1.2 m, giving rise to an estimated total

vertical stress (rv) of about 23.4 kPa, which

corresponded to an average dry density of 1.56 Mg/m3.

Pressure cells EP1, EP3 and EP5 (refer to Fig. 3 for

locations) measured the stress changes acting in the

East–West (EW) direction (i.e., perpendicular to the

inclination of the slope), whereas EP2, EP4 and EP6

recorded pressures acting in the north–south (NS)

direction (i.e., parallel to the inclination of the slope).

Prior to the first rainfall event on 18th August, an

initial equilibrium total stress ratio appeared to have

been established for each cell and values recorded by

all of the cells were lower than 0.3. Two out of six

cells registered a small tensile stress, probably

induced as a result of soil drying (note: vibrating-

wire cells are able to record tensile stress). During

installation, the clearance between the wall of the

EPC and the soil was backfilled with an epoxy resin.

The thin layer of epoxy resin glued the cell securely

to the soil and it allowed transmission of tensile force

between the cell and the soil (Ng et al. 2003; Zhan

2003; Zhan et al. 2006).

After the start of the first rainfall event, a

significant change of stress was registered after about

one and a half days. The delayed response of the

pressure cells was consistent with the PWP measure-

ments shown in Fig. 4 and measured volumetric

water contents (Ng et al. 2003). Once the EPCs

started to respond, the ratios (rh/rv) increased rapidly

within 1 day, and then approached a steady value for

the subsequent duration of the first rainfall event. It

appeared that the magnitude of increase in total

horizontal stress was strongly related to the elevation

of the EPCs and the initial negative PWP. The higher

the EPC’s elevation, the larger the initial negative

PWP present in the ground, and hence the greater the

increase in rh/rv. This performance appeared to be

consistent with the relationship between swelling

potential of expansive soils and initial soil suction,

i.e., the swelling potential of an expansive soil

generally increases with an increase in the initial

negative PWP or suction of the soil (Fredlund and

Rahardjo 1993; Alonso 1998). For a given pair of

pressure cells located at the same elevation, the

measured stress ratio in the EW direction was always

larger than that in the NS direction. This is probably

related to a higher constraint imposed as a result of

sloping ground in the EW direction as opposed to that

in the NS direction (Ng et al. 2003; Zhan 2003).

During the 2-week no-rain period (from 25th

August to 7th September), a further increase in rh/rv

was observed at EP1 and EP2, whereas the EP3 and

Fig. 5 Changes of in situ

total stress ratio measured

by EPCs (Ng et al. 2003)
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EP4 pressure cells showed a slight decrease in stress

ratio, and EP5 and EP6 recorded a larger reduction in

stress ratio than EP3 and EP4. The reduction in rh/rv

appeared to be primarily due to a decrease in the

positive PWP at a depth of 1.2 m during the no-rain

period (see Fig. 4). However, the continuous and

gradual increase in rh/rv at EP1 and EP2 (but at a

reduced rate) may be due to an ongoing ‘‘soaking’’ of

the soil near the location of the EPCs at R2, even

after the first rainfall event.

After the start of the second rainfall event, the

responses at the three pairs of EPCs were distinctly

different. At EP1 and EP2, the observed rh/rv

decreased rather than increased. This may be attrib-

uted to the softening of the soil after prolonged

swelling during the no-rain period. For the pressure

cells (EP5 and EP6) near the toe of the slope, an

increase in rh/rv was recorded due to regaining

positive PWP. The performance of EP3 and EP4 fell

between the former two cases.

2.2.2.3 Responses of Horizontal and Vertical Ground

Deformations Horizontal Displacements Due to

Changes of Soil Suction Figure 6 presents the

monitored horizontal displacements from inclinometer

I2 (near the toe of the slope, as shown in Fig. 3) in the

down-slope and the WE directions. For convenience,

the measured displacements from the NS direction (i.e.,

up-slope direction) and from the west–east direction are

taken as positive. The measured results indicate that the

ground moves towards the down-slope direction and

towards the east direction during rainfall. The

magnitudes of displacement and deformed shapes

observed were consistent in both directions but the

magnitudes were significantly larger and the depth of

influence was substantially deeper (deep-seated) than

those observed at the mid-slope (i.e., at I1). The larger

displacements at the toe are attributed to the lower initial

negative PWP (or soil suction) present at I2 relative to

those at I1 (Ng et al. 2003), resulting in a lower soil

stiffness near the toe. The greater influence depth near

the toe of the slope was consistent with the deeper

influence of the simulated rainfall events on the GWC

measured at section R3, as opposed to section R2 (Zhan

2003).

2.3 Field Monitoring of Granular Slopes

in Alpine and Pre-alpine Regions

2.3.1 Well-graded Moraine

A field monitoring exercise with combined artificial

and natural rainfall was carried out for periods during

two consecutive summer seasons (1999 and 2000) on

a 100 m2 plan area for a 31� slope in a moraine bastion

at ca. 2,800 m above sea level (ASL) just beneath the

Gruben glacier in the Valais, Switzerland. A smaller

and steeper area was also instrumented (55 m2, 42�) in

2000 (Teysseire et al. 2000; Springman and Teysseire

2001; Springman et al. 2003). Earlier geophysical

Fig. 6 Observed horizontal

displacement in response to

rainfall from I2 (NS-

downslope and EW-lateral)

(Ng et al. 2003)
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investigations (Vonder Mühll et al. 1996) had

revealed an extremely heterogeneous deposit, which

increased in density with depth, although the chal-

lenges of obtaining meaningful geophysical data in

such a geomaterial were also emphasised. Instrumen-

tation was newly installed each year due to the

extreme temperature conditions in the ground during

the winter season.

Although eight Time Domain Reflectometers

(TDRs) and four Moisture Point (MP) devices were

installed for determination of volumetric water con-

tent, ten jet-fill tensiometers for measurement of

suction, together with a sprinkler system, rain gauges,

a temperature and humidity sensor and several fibre

optic extensometers of different lengths (Fig. 7),

there was considerable attrition in the sensors buried

in the ground. Only a few eventually delivered usable

data. Many of the problems arose due to the range of

particle sizes encountered during installation, with up

to 10% silt size particles and boulders over 1 m in

diameter. The challenge was to obtain good contact

between the TDR prongs, MP rod, the ceramic cups

of the tensiometers and the soil, if the pipe rammed

into the moraine as preparation for the insertion of the

device happened to expose a coarser zone with larger

particles.

In 1999, effective installation was only achieved

for one complete MP (five sensors from 0 to 1.2 m in

depth) and roughly half of the TDRs, all of which

produced quite consistent data, confirming trends

from other investigations (Teysseire et al. 2000).

Saturation degree only reached over 90% in the top

0.15 m depth, with a further significant drop off

below 0.3 m, despite artificial rainfall more extreme

than a 1:500 year storm (Springman et al. 2003;

Fig. 8). None of the tensiometers delivered good

quality data and the surface erosion caused by this

rainfall event with a base rate of 10 mm/h for a week

and peaks of up to 30–40 mm/h (with ca. 80–85% run

off) on such a steep slope, undermined the fibre optic

extensometers and washed out their anchoring loca-

tions. Some parts of the instruments that extended

above ground surface were also damaged by rolling

stones that were destabilised by the surface flow.

Clearly, the particle size range meant that suctions

were unable to act uniformly to retain the stability of

the slope locally and this is an important factor when

dealing with well-graded granular materials on steep
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Fig. 7 Plan on the Field 1/1999 test-site with distribution of

instrumentation (Springman et al. 2003)

Fig. 8 Data of rainfall

(mm/h) and degree of

saturation between depths

of 0–0.15, 0.15–0.3, 0.3–

0.6, 0.6–0.9, 0.9–1.2 m

from MP readings, Gruben

test site, 1999 (Teysseire

et al. 2000)
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slopes inclined at angles approaching their internal

angle of friction.

This experience was helpful for the preparation of

the two instrumented field sites in 2000 (Springman

and Teysseire 2001). Since the top 0.5 m of soil was

of the greatest interest, the deeper tensiometers

(-0.8 m, -1.2 m) were omitted. More care was

exerted by pre-boring with a smaller diameter than

the respective rod to ensure that contact between

probe and soil was better (for tensiometers and MPs).

The tensiometers were also installed 3–4 weeks

before the artificial rain test began so that action

could be taken in advance for those that did not

appear to be responding. The sealing at the surface

between tensiometer standpipe and soil surface was

also improved to be able to limit the local erosion.

Data was obtained from both TDR devices and

tensiometers at comparable depths, for a 2-day storm

(ca. 16 and then 12 mm/h per day) that eventually led

to rupture on the steeper 42� slope. Comparisons

between data from 1999 and 2000 confirmed the

general trends in the uppermost 0.5 m for the 31�
slope (Fig. 9a, b; Springman et al. 2003). Attempts

were also made to install tensiometers in the 42�
slope, but it was not possible to obtain data, where the

only information was delivered from TDRs, showing

good agreement with previous data (Fig. 9a).

Considerable attrition of sensors was still in evidence

and it is suggested that allowance should be made for

a 50% loss and hence the number of sensors in areas

of most interest should be doubled.

A final observation for consideration in the design

of such field monitoring sites is the effect of wind and

rain droplet size. Some protection was provided

against prevailing mountain top winds for up to 1 m

above ground level, but the supply of artificial rainfall

through sprinklers may not necessarily produce a

uniform precipitation (usually attributed to the aver-

age value obtained from the two rain gauges) over the

entire test area. It is also known that artificial rainfall

delivers droplets. Care must be taken in the transfer

of knowledge obtained from artificial rainfall events

to natural cases.

2.3.2 Uniformly Graded Silty Sand

A longer term field monitoring exercise is currently

underway at Tössegg, on a 27� slope on the banks of

the river Rhine in Switzerland, with first results

reported by Thielen and Springman (2005). Extensive

soil profiling to bedrock has been conducted over a

larger area than the eventual 15 m by 15 m test site,

using geophysical electrical resistivity tomography

and ground penetrating radar in addition to more

traditional geotechnical site investigation techniques.

A coherent model of the ground has been obtained

together with basic classification and indexing

parameters (Thielen et al. 2005; Thielen and Spring-

man 2005; Friedel et al. 2006). Additional laboratory

testing is underway to obtain more advanced charac-

terisation in terms of saturated and unsaturated soil

properties for the overlying uniformly graded clayey,

silty sand and the underlying sandier layers. Bedrock

is located between ca. 1 and 2 m below ground level

for the eventual test field area.

A similar range of instruments (TDRs, MPs, jet-fill

Tensiometers, rain gauge, Fig. 10) have been

installed at various depths and locations, together

with piezometers sealed into standpipes above the

test slope at depths just above the rock base to

observe any flow of water above bedrock. The run off

has also been measured by means of an eaves gutter

to collect the water and a Vee-notch weir to measure

outflow.

In general, the instrumentation has been more

reliable than at Gruben. Installation into more

0 20 40 60 80 100

saturation degree Sr [%]

0.5

0.4

0.3

0.2

0.1

0

0.5

0.4

0.3

0.2

0.1

0

de
pt

h 
z 

[m
]

0 10 20 30 40

suction [kPa]

TDR & MP 1999
TDR 2000
Tensiometers

Fig. 9 Immediate pre- and post-rainfall event data. (a)

Saturation degree determined from TDR and MP probes:

Fields 1/1999 & 1/2000 (31� slope), Gruben. (b) Suctions

determined from tensiometers: Field 1/2000 (31� slope),

Gruben (Springman et al. 2003)
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uniformly graded soil has been straightforward and

all instruments are functioning, after over 2 years of

activity. Some of the problems that have arisen are

due to animal influences, requiring protection of the

test field from cows and rodents, who attempted to

expose and eat cables or were drowned in the Vee-

notch reservoir. Minor levels of vandalisation have

also been dealt with.

Problems of a more technical nature include the cut-

off at suctions greater than 80 kPa by the tensiometers.

This was reached quite regularly last autumn after

installation and is not of major concern in terms of the

instability of the slope unless sudden rainstorms of the

order of the local 2002 event (Fischer et al. 2003)

occur. Clearly this soil is very susceptible to saturation

and sudden loss of suction-induced strength and this is

likely to be exacerbated by any existing high suctions,

as also observed in S.E. Asia, e.g. by Yagi et al. (2000)

and Mofiz et al. (2005).

Subsequently, protection against frost was essen-

tial over the winter period when the soil was almost

completely saturated at all depths. Water was

replaced in the reservoirs of the jet-fill tensiometers

with an antifreeze-water mixture with a relative

density of 0.95. This seemed to function well and all

instruments are still delivering plausible data. The

performance of the sensors that deliver regular sets of

electronic data has been validated by additional

manually read instruments at regular intervals. This

was also noted by Ireson et al. (2005) in respect of

manual spot-checks and electronically recorded data.

One promising additional opportunity to monitor

the development of saturation degree lies with

electrical resistivity tomography (Friedel et al.

Fig. 10 Toessegg field test site: layout of instrumentation (Thielen and Springman 2005)
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2006). Two sets of data obtained during a relatively

dry (Fig. 11a) and a wet period (Fig. 11b) show very

clearly how the resistivity differs and how this

supports the contention that it is possible to detect

and quantify these changes in resistivity as a function

of saturation degree. Future work on calibrating

actual field data of saturation degree to the resistivity

tomogram could lead to this being adopted more

widely as a very useful non-intrusive form of

monitoring for relatively simple slope and soil layer

geometries. Homogeneous uniformly graded soils are

also advantageous. Ground penetration radar (GPR)

profiling was attempted, but was neither successful as

a field tool for identifying spatial distribution of

layers nor for ongoing determination of the saturation

degree with the slope. Machado et al. (2005) were

successful in determining water content in reconsti-

tuted and homogenous models in the laboratory, but

there remains significant doubt about GPR as an

effective monitoring tool in the field. Extensive

laboratory calibration will be required and the

influence of fabric and uneven pore space (e.g. due

to root holes or uneven compaction) in real soils will

further complicate the field data. Seismic profiling

was not adopted by Friedel et al. (2006) because of

the proximity of the bedrock to the ground surface.

2.3.3 Alpine Permafrost

Whereas year round instrumentation of partially sat-

urated slopes may be complicated at 1,000 m ASL, at

ca. 2,500 m ASL it becomes severely limited. The

active layer overlying the alpine permafrost, formed as

a rock glacier (Barsch 1996), melts in summer and

freezes in winter to depths of several metres in the Alps,

and is potentially unstable during the thawing process

(Haeberli et al. 1997; Arenson et al. 2002; Arnold

et al. 2005). The surface is mantled with large blocks

since any fine material has been washed through the

large voids and flushed out along the permafrost table.

Furthermore, the entire area is blanketed in snow for

several months of the year and is often unreachable due

to fear of avalanches, so that extensive on site data

storage is essential or a transmission mast must be

erected and protected from wind, snow and avalanches

until the spring thaw begins.

The partially frozen geomaterial has four phases,

with solid particles surrounded by an unfrozen water

layer with interstitial ice and air, the relative degrees

of these four phases being dependent on a number of

factors including temperature below zero and particle

size and shape (e.g. Andersland and Ladanyi 2004).

The presence of both interstitial air and specific

drainage channels in degrading ice-rich permafrost

(Vonder Mühll et al. 2003) becomes important when

trying to evaluate the stability of this slope. Further-

more, the presence of unfrozen water around the

particles associated with significant suctions is also a

positive benefit until drainage channels form through-

out the degrading permafrost body.

Monitoring tends to include installation of devices

in boreholes, such as inclinometers (although all of

these are sheared off in the rock glaciers investigated,

Arenson et al. 2002), thermistor chains and TDR

cables, as well as surface measurements of deforma-

tion and temperature. The normal range of field

instrumentation is excluded in regions of alpine

Fig. 11 Resistivity tomograms along an identical profile

(EX01) at the Toessegg field site (a) during the dry summer

of 2003 and (b) after a wet period in summer 2004 (Friedel

et al. 2006)
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permafrost because of the challenges of the winter

freeze on the ceramic tips of these sensors.

Geophysics has been used to characterise one rock

glacier (Musil et al. 2002; Maurer et al. 2003) in

conjunction with information obtained from bore-

holes and laboratory testing (Arenson 2003; Arenson

et al. 2003, 2004; Hauck et al. 2003; Arenson and

Springman 2005). However, the extreme conditions

in such remote locations, as well as the relatively

large surface areas under threat and the blocky nature

of the ground, which complicates the application of

the shock/electromagnetic waves, meaning that reg-

ular monitoring using geophysics (Hauck and Vonder

Mühll 2003; Hauck et al. 2005) may not be able to be

sufficiently constrained to deliver an accurate enough

indication of the unsaturated state of the ground.

Nonetheless, work is ongoing to endeavour to link

degree of saturation in frozen soils in terms of air, ice

and water to various parameters obtained from

geophysical testing methods and this geotechnical-

geophysical monitoring axis will certainly be an area

of interest in the future.

3 Centrifuge Modelling of Unsaturated Soil

Slopes with Suction Measurements

Various attempts have been made recently to measure

soil suctions during centrifuge tests of initially unsatu-

rated slopes subjected to rainfall, rising groundwater

levels or due to change of moisture content inside a

model container (Ng et al. 2002; Zhou and Ng 2004;

Take et al. 2004; Chiu et al. 2005; Zhou et al. 2006).

Challenges include the miniaturisation and correspond-

ing robustness of sensors in the enhanced g

environment. Modifications have been made to com-

mercially available miniature pore pressure transducers

(PPTs) to measure suctions in centrifuge model tests

(Take and Bolton 2003). Soil displacements have been

measured by various methods in a centrifuge.

3.1 Centrifuge Modelling of Unsaturated Dense

and Loose Fill Slopes

Figures 12 and 13 show a dense and loose fill model

slope tested at the Geotechnical Centrifuge Facility of

the Hong Kong University of Science and Technology

(Ng et al. 2001c) and the Schofield Centre in the

University of Cambridge (Take et al. 2004), respec-

tively. The effects of transient seepage on the stability

of densely filled soil slopes subjected to rising

groundwater table were investigated as well as the

possibility of static liquefaction in a loose fill slope due

to heavy rainfall (Fig. 14a) in a centrifuge. The soil

used in both series of experiments was sieved com-

pletely decomposed granite from Beacon Hill in Hong

Kong. A large number of miniature PPTs were

installed. Take et al. (2004) used a network of new

miniature (7 mm in diameter) pore pressure and

tension transducers (PPTT) buried within the model

fill at each of locations indicated by open circles in

Fig. 13. After a saturation programme, these devices

were capable of measuring negative water pressures as

low as -140 kPa reliably, when fitted with a nominal

1 bar ceramic filter (Take and Bolton 2003). The

deformations of the model fill slopes were measured by

a new image-based system of deformation measure-

ment that combines the technologies of digital

imaging, the image processing technique of particle
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image velocimetry (PIV), and close-range photogram-

metry (White et al. 2003). Digital images are captured

through the transparent window of the atmospheric

chamber and compared through time, allowing the

determination of displacements at potentially thou-

sands of points in each camera view of the model by

tracking the soil texture (the unique way the grains are

orientated at every location in the model) without

resorting to embedded target markers.

The response of the very loose fill slope to the

stepwise increase in stress is summarised in terms of

observed pore pressure and displacements of the crest

region (tensiometer PPTT1 and 32 9 32 pixel patch

PIV1) in Fig. 14b, c, respectively. As the loose fill

material becomes incrementally heavier, a cumula-

tively larger percentage of the loose fill can no longer

support this increase in total stress and the void ratio

rapidly decreases. The reason for this very compress-

ible behaviour becomes abundantly clear when the

initial fabric of the soil is inspected visually.

At each increment of effective stress, the rapid

reduction in void ratio is observed to cause a small

increase in PWP of the order of 1–2 kPa (Fig. 14b),

despite experiencing large volumetric strains: void

spaces are very compressible due to the low degree of

saturation of the fill. As increments of ‘‘gravity’’ are

progressively turned on, the height of the fill above

the phreatic surface effectively becomes higher,

requiring progressively higher capillary forces to be

developed if the soil moisture is to be retained. As a

result, the biggest pores shed their pore water

vertically downwards into the fill, creating an initial

suction distribution that increases with elevation from

a value of approximately zero at the toe to -25 kPa

at the crest (PPTT1 in Fig. 14b).

3.1.1 Response to Rainfall Infiltration

After the initial self-weight consolidation phase of the

model test, the fill slope was subjected to the equivalent

of six weekly periods of rainfall infiltration (Fig. 14a).

Figure 14b shows that the arrival of rainfall on the

slope surface at time A destroys a significant portion of

the soil suction very rapidly at the shallow location of

PPTT1. The resulting settlement of the bench above the

fill slope is purely vertically downwards. Similarly, the

loss of suction in the region of static shear stress (i.e.,

beneath the sloping portion of the embankment) also

causes macro-voids to collapse, now with a significant

down-slope displacement (Take et al. 2004).

Fig. 13 The state

liquefaction model test

geometry (Take et al. 2004)
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As rainfall infiltration continues, the rate of suction

loss decreases, as does the rate of settlement (Take

et al. 2004). Further rainfall infiltration results in the

development of a water table at the toe of the slope—

the prescribed elevation of the overflow control.

Above this elevation, the slope is experiencing

vertical percolation at roughly zero PWP. By the

time the model was subjected to rainfall for an

equivalent duration of 1 week (Time B in Fig. 14b),

the rate of PWP increase has diminished almost to

zero, becoming asymptotic to a small negative value.

At this point, the mist nozzles were turned off and the

fill slope was allowed to experience gravity drainage

for an equivalent period of 1 week.

Despite being subjected to an additional five

infiltration events of identical severity, the model

slope was observed neither to achieve positive PWPs

nor to experience any significant additional

deformation.

3.2 Reliable Suction Measurements in Centrifuge

To ensure reliable suction measurements, it is vital to

conduct an initial saturation process correctly (Take

and Bolton 2003). For high degrees of saturation,

filters must first be oven-dried and placed quickly in a

vessel containing dry air, and then subjected to very

low absolute pressures (i.e., less than 1 kPa). Water

under vacuum can then be introduced from a second

chamber prior to the vacuum being released. This

procedure alone has been shown to be sufficient to

saturate a 1-bar air-entry porous stone to achieve

Fig. 14 Observed model

responses during the

centrifuge test on a loose

CDG fill slope (a) model

rainfall intensity (b) pore

pressure data (c) vertical

displacements (Take et al.

2004)
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reliable suction measurements (Take and Bolton

2003). A finer 3-bar air-entry filter is more difficult

to saturate and an additional single over-pressure

cycle is required to achieve an ideal response. Poor

saturation not only limits the measurable suction but

also introduces pressure hysteresis, which can create

errors even in positive PWP measurement, and give

poor response times (Take and Bolton 2003).

Similarly, Chiu et al. (2005) reported a miniature

tensiometer developed to measure suctions smaller

than 500 kPa for centrifuge tests. The tensiometer

was first saturated by an initial vacuum and subse-

quently by cycles of pre-pressurisation and

cavitation. During the pre-pressurisation, a maximum

pressure of 700 kPa was used to avoid damaging the

low-pressure range tensiometer. Long-term suction

measurement in a compacted unsaturated silt was

carried out in the laboratory. It took about 4 h for the

tensiometers to reach the target suction (about

110 kPa) and the suction measurements could be

maintained for at least 24 h. Six tensiometers were

installed at different depths in an unsaturated silt

specimen to monitor the suction profile during a

centrifuge test. The results showed that the responses

of the tensiometers were consistent before cavitation

occurred. However, at elevated g conditions, the

tensiometer cavitated over a shorter duration and

maintained a lower maximum sustainable suction

than those observed in the laboratory. Further

research is needed to develop devices to measure

high suctions beyond 200 kPa reliably and econom-

ically (Zhou et al. 2006).

4 Concluding Remarks

In unsaturated soil slope engineering, relationships of

rainfall infiltration/water content and soil suction

have been monitored and studied extensively in

various ground conditions over the last 20 years.

Significant progress has been made in understanding

of the rainfall infiltration mechanisms governed by

the suction stress-state variable. These measured data

are extremely useful for numerical modellers to

calibrate their hydraulic models in the water content-

suction space. However, very limited data are avail-

able for engineers and numerical modellers to

understand the role played by the second stress-state

variable (i.e., net stress) in unsaturated soil slopes

during rainfall and to calibrate their predictions in the

mechanical space, i.e., displacement-earth pressure

space. More field monitoring programmes are

encouraged to measure the changes of the two

stress-state variables and their influence on the

hydraulic as well as mechanical responses during

rainfall infiltrations.

The role of site conditions and soil types on the

likelihood of obtaining quality data from monitoring

experiments has been discussed. Extreme care during

the installation phase is essential but challenges still

exist in well graded soils, coarser than the key scaling

length of the sensors, on steep slopes approaching the

critical state angle of friction and at high altitudes

where a fourth phase (ice) will form in winter.

Various degrees of success have been achieved in

simulating unsaturated soil slopes subjected to rain-

fall, rising groundwater table and changes of moisture

conditions in the geotechnical centrifuge. Miniature

devices have been developed to measure negative

PWPs down to about -200 kPa, but further research

is needed to develop devices to measure suctions

greater than 200 kPa, reliably and economically.
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Netherlands, vol 1, pp 361–366

Hauck C, Vonder Mühll D, Hoelzle M (2005) Permafrost

monitoring in high mountain areas using a coupled

geophysical and meteorological approach. In: de Jong C,

Ranzi R (eds) Hydrological and meteorological coupling

in mountain areas: experiments and modelling. Wiley

Hauck C, Vonder Mühll D, Maurer H (2003) Using DC

resistivity tomography to detect and characterise moun-

tain permafrost. Geophys Prospect 51:273–284

Ireson A, Wheater H, Butler A, Finch J, Cooper JD, Wyatt RG,

Hewitt EJ (2005) Field monitoring of matric potential and

soil water content in the Chalk unsaturated zone. In:

Tarantino A, Romero E, Cui YJ (eds) Advanced experi-

mental unsaturated soil mechanics, Trento, pp 511–517

Lim TT, Rahardjo H, Chang MF, Fredlund DG (1996) Effect

of rainfall on matrix suctions in residual soil slope. Can

Geotech J 33:618–628

Liu TH (1997) Problems of expansive soils in engineering

construction. Architecture and Building Press of China (In

Chinese)

Machado SL, Botelho MAB, Amparo NS, Dourado TC (2005)

The use of the ground penetrating radar, GPR as a non

intrusive method to measure soil water content. In: Tar-

antino A, Romero E, Cui YJ (eds) International

symposium, advanced experimental unsaturated soil

mechanics, Trento, pp 519–525

Maurer HR, Springman SM, Arenson LU, Musil M, Vonder

Mühll D (2003) Characterisation of potentially unstable

mountain permafrost—a multidisciplinary approach. In:

Phillips M, Springman SM, Arenson LU (eds) Proceed-

ings 8th international conference on permafrost, Zürich,
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Abstract Two large-scale ‘‘in situ’’ demonstration

experiments and their instrumentation are described.

The first test (FEBEX Experiment) involves the

hydration of a compacted bentonite barrier under the

combined effect of an inner source of heat and an

outer water flow from the confining saturated granite

rock. In the second case, the progressive de-saturation

of Opalinus clay induced by maintained ventilation of

an unlined tunnel is analyzed. The paper shows the

performance of different sensors (capacitive cells,

psychrometers, TDR’s) and a comparison of fill

behaviour with modelling results. The long term

performance of some instruments could also be

evaluated specially in the case of FEBEX test.

Capacitive sensors provide relative humidity data

during long transient periods characterised by very

large variations of suction within the bentonite.

Keywords Field record � Case history � Bentonite �
Suction � Relative humidity � Capacitive sensor �
TDR sensor � Psychrometer � Modelling � Reliability

1 Introduction

Theoretical and experimental research in recent years

has contributed to an improved understanding of

unsaturated soil behaviour. However, few comprehen-

sive field records have been published. Ideally, a good

case history requires a complete description of field

conditions, a proper programme of laboratory (and

field) tests combined with interpretation of the results,

an analysis using acceptable tools for representation of

unsaturated soil performance, measurement of field

performance in terms of two stress state variables (i.e.,

suction and net stress) and a comparison of estimated

and actual field data. This paper is focused on the

measurement of field performance for two case histo-

ries associated with the behaviour of impervious

barriers for nuclear waste disposal applications.

Despite the specific nature of the tests, they may be

useful for a wider range of circumstances because

monitoring has been carried out with standard sensors

that may find applicability in other environments

dealing with unsaturated soils.

A distinctive feature of an unsaturated soil, if

compared with a saturated soil, is the energy state of

the water in voids. Different ‘‘measures’’ of this state

are available, from a relatively simple determination
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of water content to the more complex determinations

of negative pore water pressures and suction or

Relative Humidity.

Two recent large-scale and highly instrumented

demonstration experiments of nuclear waste isolation

are presented. In these applications, long term

performance and reliability of instruments are of

specific concern. Data is offered in this regard, as

well as a discussion of the value of different

instruments, to provide consistent information for

advanced modelling.

The paper provides the instrument layout, time

records of some relevant variables (mainly those

associated with soil suction) and an interpretation of

the recorded field behaviour, assisted by appropriate

modelling of each of the cases presented.

Successful field monitoring requires effective

calibration and subsequent installation of the sensors

as well as robustness in terms of all elements from the

instrument itself through the acquisition and storage

of data. Some challenges presented in this regard by a

range of environmental conditions will be discussed.

2 Hydration of Compacted Bentonite Barriers

2.1 Background

A widely accepted design concept for nuclear waste

disposal in a geological formation is to isolate the

nuclear canister inside a ring of highly impervious

plastic clay. This barrier reduces the likelihood of

migration of radio nuclides to the geological or

‘‘distant field’’ environment. A few large-scale dem-

onstration tests have been designed and built in the

past two decades in underground laboratories exca-

vated in granite and clay rock formations. Relevant

large-scale tests related to high level nuclear waste

disposal include the Prototype Repository, Backfill

and Plug and Temperature Buffer Experiments

(Sandén et al. 2005), performed in the Äspö rock

underground laboratory in Sweden (granite), the

‘‘Febex’’ test at the Grimsel test site (GTS) in the

Swiss Alps (granite) (Huertas et al. 2000; Alonso

et al. 2005), and the ‘‘Engineered Barrier’’ (EB) test

in the Mont-Terri underground laboratory in the Jura,

Switzerland (clay shale). Some designs for the

disposal of low to medium level waste also include

engineered clay-based barriers and a recent large-

scale demonstration test includes the ‘‘Gas Migration

Test’’ (GMT), that has just been dismantled at the

GTS.

An additional purpose of all the tests mentioned is

to gain information about the barrier performance

during the transient hydration phase, by monitoring a

number of variables (water content, relative humid-

ity, stresses and displacements, temperature, etc.)

linked to the physical phenomena taking place during

barrier saturation. Hundreds of sensors have been

installed in different locations and they are monitored

during extended periods of time (typically more than

1 or 2 years). Recorded data offer an excellent

opportunity to verify current models for the predic-

tion of barrier performance within detailed modelling

exercises (Ledesma and Chen 2005; Thomas et al.

2005; Fälth et al. 2005; Alonso et al. 2005). They, in

turn, contribute to the declared objective of under-

standing the physical phenomena taking place in the

barrier.

The final stage of the large-scale demonstration

tests is a dismantling operation. Samples from the

barrier are recovered and tested in the laboratory.

Furthermore, sensors may be recovered and recali-

brated, in order to gain experience about their long-

term performance and reliability.

These expensive tests offer a unique opportunity to

examine the behaviour of a large variety of devices

and, in particular, monitoring devices for soil suction

or related variables (water content, relative humid-

ity). In fact, the clay barrier is initially unsaturated,

since it is made of highly compacted bentonite blocks

(or pellets in one of the experiments mentioned).

Bentonite blocks reach, in practice, dry unit

weights of 1.65-1.71 kN/m3 and initial degrees of

saturation close to Sro = 0.5-0.6. When saturated,

they may develop swelling pressures in excess of

5 MPa. The swelling pressure helps to maintain the

tightness of fit and continuity of the barrier. Once

placed around the simulated canister (a cylindrical

heater), the barrier (Fig. 1) is subjected to a heat

inflow through its inner boundary in contact with the

dummy canister and to a water inflow coming from

the host rock, usually saturated. It is therefore

expected that the outer periphery of the barrier will

experience a saturation process, whereas the inner

boundary will be dried. The barrier evolution depends

critically on the inner and outer boundary conditions.

Given the decay of heat supplied by the real canisters
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and the constant water pressure imposed by the host

rock, it is expected that full barrier saturation will

eventually be achieved. However, in none of the

demonstration tests mentioned, was the barrier fully

saturated at the end of the testing period. Therefore,

most of the experiments provided useful data on the

transient initial period, where the heat and water

fluxes compete to de-saturate and saturate the barrier

in a relatively complex manner.

One of the tests mentioned (Febex) has been

selected in order to discuss a number of relevant

issues related to the performance of the test and the

behaviour of sensors. Data is also available from the

dismantling and subsequent testing, and this provides

added value from this particular test. Additional data

on sensor reliability for several large-scale tests

performed in the Swedish Äspö Laboratory is

provided by Sandén et al. (2005).

2.2 The Febex Large-Scale Test: Instrument

Layout and Long-Term Behaviour

The Febex test is a near to full-scale simulation of a

high-level waste disposal facility. The testing area

was located at the end of a 2.28 m Ø tunnel,

excavated in granite using a Tunnel Boring Machine.

Two electrical heaters, whose dimensions and weight

are equivalent to a nuclear canister, were centrally

placed in the drift; the space left between the rock

surface and the heaters being filled with blocks of

compacted bentonite (Fig. 2). A concrete plug iso-

lated the 17.2 m long testing area from the access

tunnel.

Statically compacted blocks (w = 14.4%; cd =

16.9 kN/m3) of crushed bentonite rock were arranged

in annular rings, as shown in Fig. 1. Six hundred and

thirty two sensors of different types were installed and

arranged in cross sections, shown also in Fig. 2.

In Section C, not directly affected by the heaters,

sensors measuring relative humidity (capacitive

‘‘WC’’ sensors), total suction (psychrometer probes:

‘‘WP’’), volumetric water content (TDR sensors:

‘‘WT’’) and pore pressure sensors (‘‘Q’’) were placed

as shown in Fig. 3. In sections directly affected by

heaters (such as F1 or F2, see Fig. 2), relative

humidity sensors were located at three radial dis-

tances: near the heater (r = 0.52 m), at a mid

position (r = 0.82 m) inside the bentonite barrier

and close to the granite boundary (r = 1.07 m).

Heating started on February 27th, 1997, which is

day ‘‘0’’ of the time-scale of the history plots given

here. Power was increased until a maximum temper-

ature of 100�C was reached at the hottest point of the

heater-bentonite interface. Data for 5 years of oper-

ation is available.

The experiment has been extensively modelled

with the help of the finite element computer code

CODE_BRIGHT (DIT-UPC 2002; Olivella et al.

1994, 1996). An extensive experimental data base

on the properties of the compacted bentonite (Villar

et al. 2005; Lloret et al. 2003) helped to define

model parameters. The calculations shown in the

comparison plots given here integrate all the exper-

imental information available at the beginning of

year 2004.

Fig. 1 Scheme showing the compacted clay barrier and the

heat (arrows pointing outwards) and water flows, that take

place during the initial transient period

Fig. 2 Position of

instrumented sections of the

Febex experiment,

dimensions in metres
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Figure 4 shows a comparison between the calcu-

lated evolution of relative humidity and the values

registered by a number of capacitive sensors, located

in different radial directions in the central cross

section of the experiment (Section H; see Fig. 2). The

outer sensors (r = 1.07 m) start at a high relative

humidity and they reach full saturation soon. Capac-

itive sensors lose their accuracy when they become

saturated, however. Capacitive measurements in

points at a mid position (r = 0.82 m) within the

barrier are remarkably well-reproduced by the model.

This mid zone experiences continuous wetting. When

the heaters are switched on, points close to the heater

(r = 0.52 m) experience a wetting-drying cycle first.

The first wetting event is due to the condensation of a

migrating flow of hot vapour from a bentonite ring,

adjacent to the heater. As the drying conditions

expand, sensors record a drop in relative humidity

and, at later dates, a slow increase in water content as

the humidity coming from the granite boundary is

entering the inner most part of the bentonite barrier. It

appears that the wetting process of these inner points

is faster than model predictions. A comprehensive

evaluation of Febex barrier performance and the

ability of a number of thermo-hydro-mechanical

computer models to reproduce the observed behav-

iour may be found in Sánchez (2004) and Alonso

et al. (2005).

2.3 Instrument Performance

A high density compacted bentonite barrier is a very

aggressive environment for sensors. In fact, the

medium has a high saline content due to the high

Cation Exchange Capacity of the clay, swelling

stresses are high (5–7 MPa), and there are the added

effects of temperature and suction changes during the

lifetime of the experiment. Of particular interest for

unsaturated soil applications are the sensors for

relative humidity and water content changes. Their

performance in the Febex test will be reviewed here.

Half of the Febex test (the part of the buffer

associated with the heater closer to the concrete plug)

was dismantled during the summer of 2002, after a

cooling period. The concrete plug was demolished

and the rings of bentonite blocks were carefully

removed. Specimens were taken for laboratory test-

ing, and this allowed the bentonite state variables to

be checked directly (mainly dry density and water

content), as well as the hydro-mechanical and

chemical properties. Sensors were also recovered

and some of them could be calibrated. As a result,

some variables recorded by the sensors could be

compared with the actual values, determined from the

recovered specimens. The calibration of sensors was

also used to correct some of the available 5-year

records of buffer properties. Most of the sensors had

been in operation for a time well beyond the nominal

Fig. 3 Location and type of sensors for water content

monitoring in section C of the Febex in situ test (Garcı́a-

Siñeriz et al. 2004)
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operational lifetime, as defined by manufacturers.

The total number of sensors placed in the buffer and

the failure rate, determined after dismantling is

shown in Table 1.

Pressure effects, corrosion and bentonite invasion

of some cables was generally observed. The ceramic

filters of psychrometers were often found to be

broken or separated from the sensor. Cable cuts were

found often at the junction between the sensor and the

cable.

The capacitive sensors behaved better than

expected, especially since their expected operative

lifetime is 1 year. Full saturation (which was

achieved in the outer ring of the buffer) was a likely

cause of the malfunctioning of some of the capacitive

sensors. The failure rate was also high for sensors

located in the vicinity of the heater. The calibration of

some of the retrieved sensors (Fig. 5) shows that the

response is systematically below the expected rela-

tive humidity value. However, in most cases, the

error is small. It should be added that capacitive

sensors provided the most consistent and useful set of

data during the evolution of the bentonite barrier

from an ‘as-constructed’ to a later stage after a few

years of operation. This is due to the wide range of

suctions being measured. In fact, the initial saturation

state of the barrier (50% relative humidity) was low

and full saturation was expected in the outer part of

the barrier. In addition, the relative humidity

decreased strongly in a ring around the heater, during

a transient stage immediately after the beginning of

heating. These processes were captured accurately by

the capacitive sensors.

In contrast, psychrometers were only operative for a

narrow range of relative humidity close to saturation

([95% relative humidity). Their value in monitoring

the performance of the barrier was, therefore, quite

limited. They proved also to be quite fragile in the

demanding environment created by the swelling

barrier. It was estimated that half of the sensors failed

because of mechanical effects of the measuring head,

and the other half, as a result of full saturation. Only

four sensors could be calibrated (against solutions at

prescribed relative humidities), and none of them

behaved satisfactorily. It is believed that better

mechanical protection of the psychrometer’s head

could improve their reliability substantially.

TDRs exhibited the highest failure rate. They were

affected by mechanical deformations (both, the

sensor and the connecting cables). Some systematic

errors of the water content measured during the test

operation were detected. A correction was made after

calibrating some of the surviving probes.

There was an interest also in comparing sensor

data with the direct determination of bentonite

properties on samples recovered during the disman-

tling operations. The number of samples retrieved

provided an accurate description of water content and

dry density distributions, at the end of the 5 years of

simultaneous heating and wetting. An example is

given in Fig. 6, which provides the radial change in

Table 1 Capacitive sensors, psychrometers and TDR sensors in Febex bentonite buffer. (Data from Garcı́a-Siñeriz et al. 2004)

Type of sensor Manufacturer Model Total number Sensors out

of order before

dismantling

Failure rate after

5 years of operation

(%)

Capacitive (relative humidity) Vaisala HMP233 27 16 60

Psychrometers (total suction) Wescor PCT-55 24 17 70

TDR (volumetric water content) Edi Meier + Partner AG – 10 8 80

Fig. 5 Calibration of humidity sensors once retrieved after

5 years of operation
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water content and dry density in a cross section,

directly affected by Heater n� 1 (Villar et al. 2005).

Strong gradients in water content and dry density are

observed across a relatively thin bentonite barrier. It

is clear that the barrier became a heterogeneous

material after a few years of heating and outer

wetting.

In order to compare capacitive sensor data with

laboratory determinations of water content, the

measured relative humidity was first converted into

suction through Kelvin’s law. Then, the water

retention curve of the bentonite was determined for

samples compacted at different dry densities and for

different temperatures.

A comparison of the water contents, derived from

capacitive sensor data through the water retention

curve and direct determinations, is given in Fig. 7.

The sensor data corresponds to the final reading

before dismantling the sensors. The agreement is

good, in general terms, and this result provides

confidence to the sensor data (capacitive instruments

in this case).

2.4 Some Conclusions

The Febex ‘‘in situ’’ test is a heavily instrumented test

(more than 600 sensors have monitored the bentonite

clay buffer and the immediate rock). Of particular

interest for the purpose of this paper are the sensors

for relative humidity or water content changes,

located in the buffer. Three types of instruments

have been used: capacitive sensors, psychrometers

and TDR’s. Among them, the capacitive sensors

proved to be esspecially useful and reliable. Their

extended measuring range, which covers, in practice,

all the range of expected relative humidities, provided

the best data for modelling purposes. Most of the

sensors have been in operation for extended periods

of time (several years), a time interval well beyond

the expected lifetime of these instruments. The re-

calibration of some of the capacitive sensors, recov-

ered after dismantling part of the experiment,

generally showed an accurate response. A compari-

son of water contents derived from relative humidity

measurements and a direct determination of water

content in specimens taken from the partially

hydrated bentonite buffer was satisfactory.

The set of psychrometers and TDRs had a more

limited value. Both had a higher failure rate than the

capacitive sensors. The psychrometers used had the

fundamental limitation of not providing readings for

relative humidity values lower than 95%. They also

experienced breakage problems, attributed to defor-

mations of the bentonite. TDRs provide data on

volumetric water content. However, they were found

to deliver unreliable data in this experiment.
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3 Tunnelling in Argillaceous Rock

3.1 A Ventilation Experiment (VE) in Opalinus

Clay

‘‘Opalinus clay’’ is a marine Jurassic clay shale with a

high proportion (40–80%) of clay minerals. Other

constituents are quartz (sand and silt particles),

calcite and pyrite, among others. The ‘‘in situ’’ water

content is low (4–8%). From a geotechnical perspec-

tive, it may be described as anisotropic stiff

overconsolidated low plasticity clay. Clay structure

is dominated by the bedding planes, which dip 45� in

the Mont Terri Laboratory area. As for many other

soft clayey rocks, Opalinus clay loses its strength

rapidly as the water content increases (Martin and

Lanyon 2003).

Opalinus clay is a highly impervious material

(k = 2 9 10-13 m/s for undeformed rock). The pore

water is of marine origin (dissolved solids amount to

20 g/l). When subjected to cycles of desiccation and

wetting, it experiences significant shrinkage and

swelling. Figure 8 shows the vertical stress recorded

as a swelling pressure in a confined specimen of

Opalinus clay during the application of a wetting–

drying–wetting cycle (w = 7%–9%–2%–9%) in a

suction controlled oedometer cell. The clay develops

swelling pressures close to 1.8 MPa when suction is

reduced to low values. Note also the elastic character

of the response and the parallel change in water

content during suction changes.

Two effects contribute to the degradation of the

Opalinus clay, when tunnels are excavated: the stress

release and the new environment applied to the

exposed surface of the claystone. The second effect is

of importance in soft clayey rock (Olivier 1979).

A novel experiment was built in Mont Terri (The

Ventilation Experiment, ‘‘VE’’; Mayor et al. 2005) to

investigate the changes in suction of the Mont-Terri

clay, when an excavated tunnel was subjected to

changes in the ambient relative humidity. The

experiment was performed in a 1.3 m diameter

unlined horizontal tunnel. A 10 m long section of

the tunnel was isolated by two double doors. Then,

prolonged ventilation (8 months) induced a de-satu-

ration, followed by a 3 month period of re-saturation.

The estimated relative humidity in the test section,

prior to the beginning of the experiment, was

90–95%. The relative humidity was decreased in

steps, during the ventilation period, and it was

maintained at 15% for 5 months. During re-satura-

tion, an atmosphere of relative humidity of 95% was

kept constant for 3 months. Flow rates and hygrom-

eters installed at the inflow and outflow pipes

provided data to perform global balance calculations.

3.2 Field Instrumentation and Results

Humidity sensors were located at different radial

positions and varying depths inside the rock forma-

tion. Figure 9 provides profiles of de-saturation.

De-saturation was performed during phases 4, 5 and

6 of the experiment. At the beginning of phase 4, the

rock was almost fully saturated. At the end of the de-

saturation period (end of phase 6), a 30 cm thick

annular ring reached a relative humidity below 95%
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Fig. 8 Recorded vertical stresses and weight of a specimen of

Opalinus clay subjected to a cycle of wetting-drying-wetting in

a confined suction controlled oedometer cell

Fig. 9 Evolution of relative humidity of the clay rock around

the ventilation tunnel during the ventilation and re-saturation

phases (Velasco and Pedraza 2004)
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(Velasco and Pedraza 2004). In the close vicinity of

the tunnel wall, a minimum value of relative humid-

ity of 62% was recorded. At the end of the

re- saturation period (end of phase 7), the 30 cm

thick ring around the wall had recovered relative

humidity values in excess of 90%. A sensor located

very close to the surface (2 cm inside the rock)

registered the evolution of relative humidity shown in

Fig. 10.

It is interesting to realise that the relative humidity

in the rock, very close to the tunnel atmosphere is

very high, compared with the imposed value (relative

humidity: 15%), for a long time during the ventilation

stage. The relative humidity recovery rate (Fig. 10)

during re-saturation is faster than the drying rate.

Moderate positive pore water pressures were

recorded at a distance of 2 m inside the rock at the

beginning of the de-saturation period. They decreased

steadily during the ventilation stage and reached a

minimum average value of 0.1 MPa (absolute value).

The VE experiment has been simulated using the

finite element program CODE_BRIGHT. The main

emphasis in the modelling performed was an accurate

description of the relative humidity changes in the

rock, as well as the global balance of humidity

interchange at the scale of the tunnel. Details of this

work may be found in Velasco and Pedraza (2004).

The model meets some difficulties in capturing the

decaying flow rates (Fig. 11) during the constant

relative humidity phases, although the global exper-

iment is well represented, especially the recovery

during the re-saturation phase.

3.3 Some Conclusions

The VE experiment has provided precise information

of the expected de-saturation phenomena associated

with tunnel construction and operation (in the absence

of any lining). Capacitive sensors provided good data

on the rock behaviour in a relatively thin annulus

(*2 m) around the tunnel. Piezometers located in

deeper positions also helped to establish the limit of

the de-saturation effect in this case. The estimation of

the overall humidity interchanges (always in the

vapour phase) at the tunnel scale was also necessary

to derive estimations of the ‘‘turbulent coefficient’’

parameter, which is always difficult to approximate.

It was found that a relatively large period of de-

saturation (5 months) led to a limited de-saturation of

the impervious Opalinus clay formation. Strong

suction gradients developed near the tunnel wall, but

the minimum relative humidity recorded (61%) in a

shallow sensor (2 cm in depth) was still much higher

than the imposed relative humidity in the tunnel

atmosphere (16% during 5 months). It was also found

that permeability determinations at the scale of small

specimens were only slightly lower than the perme-

ability derived from back analysis of the test.

4 Concluding Remarks

Compacted bentonite buffers, proposed for deep

underground nuclear waste isolation schemes, have,

at the time of installation, a low degree of saturation
Fig. 10 Drying and wetting cycle applied to the surface of the

ventilation experiment (Velasco and Pedraza 2004)

Fig. 11 Calculated and measured inflow and outflow rates in

the tunnel, during the ventilation experiment (Velasco and

Pedraza 2004)
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(around 50%). They become progressively saturated

during a long transient period in which major changes

take place in the barrier because of the high swelling

pressures developed by the bentonite. Sensors capa-

ble of recording this process should have an extended

range for reliable suction (or relative humidity)

measurement. In addition, monitoring should be

carried out for relatively long periods (years) to get

a reliable view of the transient wetting process. The

compacted bentonite environment is also demanding

for the sensors because of the high pressures devel-

oped in the highly confined buffer and the high

salinity of the interstitial water. The performance of

several sensors (TDR’s, capacitive sensors and

psychrometers) has been evaluated in a real scale

experiment simulating repository conditions. It was

found that capacitive sensors performed very satis-

factorily under these circumstances and that the re-

calibration of some surviving instruments after

5 years of operation was similar to the original

relationship. Direct determinations of the barrier

water content, after dismantling, were also compared

with indirect calculations based on the recorded

Relative Humidity and the water retention relation-

ship determined in laboratory for wetting paths. The

comparison was satisfactory and it provides an added

reliability to the RH ‘‘in situ’’ measurements. Psych-

rometers and TDR’s did not perform as well,

although Sandén et al. (2005) report a more positive

experience in a similar case.

A second case presented involved the monitoring

of the progressive de-saturation of the walls of a

tunnel excavated in a highly impervious rock,

induced by forced ventilation. Capacitive sensors

also provided an accurate description of the depth of

the unsaturated annulus of rock around the tunnel

wall here. Piezometers helped to establish the unsat-

urated-saturated boundary. It was found that a large

finite jump in RH seemed to exist at the air-rock

interphase. A hydro-mechanical numerical model of

this case helped to derive the rock hydraulic and

interphase (evaporation) parameters, which are

always difficult to establish.
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