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ABSTRACT: A fully coupled model is used to simulate the results of large-scale laboratory tests

that investigated the non-isothermal behaviour of geosynthetic clay liners in landfill basal liner

applications. Results of numerical simulations of the laboratory tests in terms of water content,

capillary pressure, temperature and stress distributions are presented, and encouraging agreement

between the numerical and experimental results is achieved. Under the conditions examined, a

258C/m temperature gradient led to the development of tensile stresses within the GCL, increasing

the resultant likelihood of cracking. A Poisson’s ratio of 0.25 resulted in predicted horizontal

tensile stresses supporting qualitative observation of desiccation cracking in the GCLs. One

important implication of the work reported herein is that elevated temperatures need not occur for

extended periods to create the risk of desiccation.
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1. INTRODUCTION

Landfill lining systems frequently include composite

liners composed of a geomembrane and geosynthetic clay

liner (GCL) (Koerner and Koerner 1999; Rowe et al.

2004). In these applications, the GCL serves to minimise

advective transport of fluids through any holes in the

geomembrane (Rowe 1998; Touze-Foltz et al. 2001, 2006;

Touze-Foltz 2002; Giroud and Touze-Foltz 2003, 2005;

Touze-Foltz and Giroud 2003, 2005; Rowe and Brachman

2004; Cartaud et al. 2005a, 2005b, 2005c; Iryo and Rowe

2005; Rowe 2005; Barroso et al. 2006; Bouazza and

Vangpaisal 2006; Touze-Foltz and Barroso 2006; El-Zein

and Rowe 2008; Bouazza et al. 2008, Saidi et al. 2008;

Mendes et al. 2011b). However, the long-term effective-

ness of the composite liner action will depend on

(a) the presence of holes and tensile strains (which can

give rise to future holes) in the geomembrane,

especially in wrinkles in the geomembrane (Rowe

1998, 2005; Take et al. 2007; Thusyanthan et al.

2007; Brachman and Gudina 2008a, 2008b)

(b) the transmissivity of the geomembrane/GCL inter-

face (Harpur et al. 1993; Rowe 1998; Rowe et al.

2004; Barroso et al. 2008, 2010; Mendes et al.

2011a)

(c) the hydraulic conductivity of the GCL (Rowe 1998;

Rowe et al. 2004; Guyonnet et al. 2009; Rosin-

Paumier et al. 2010a, 2010b; Paumier et al. 2010;

Benson et al. 2010a, 2010b; Dickinson and Brach-

man 2010; Lange et al. 2010).

When hydrated, GCLs provide a very low-transmissivity

geomembrane/GCL interface (Harpur et al. 1993; Rowe

2005; Barroso et al. 2008, 2010; Mendes et al. 2011a) and

very low hydraulic conductivity (Rowe 2007). However,
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the question arises as to whether this will be achieved in

the long term, especially in light of the potential for high

temperatures at the landfill base.

Municipal solid waste (MSW) incinerator bottom ash

has also been found to cause liner temperatures of up to

46oC, owing to hydration of the ash (Klein et al. 2001).

The degradation of organic matter within the waste mass

is also an exothermic process that may result in significant

heat generation. Under certain conditions, the heat gener-

ated by this process may raise the temperature within the

waste mass to 708C. The temperature on the liner in MSW

may typically be 30–40oC (Rowe 2005; Koerner and

Koerner 2006; Koerner et al. 2008). However, tempera-

tures of 50–60oC have also been observed at the base of

MSW landfills (Yoshida and Rowe 2003; Rowe 2005;

Koerner et al. 2008). In contrast, the temperature of

groundwater in underlying aquifers is typically 5–208C.

When the top surface of a soil layer is heated, heat

flows downwards, owing to the temperature gradient.

Water vapour also moves towards areas of lower tempera-

ture, owing to variations in vapour density (Figure 1). As

the migration of water vapour decreases the water content

in the warmer area, capillary pressures develop, which

cause liquid water to flow upwards towards the warmer

area. However, the decrease in water content due to

downward vapour flux results in a decrease in unsaturated

hydraulic conductivity, which limits the rate at which

liquid water can flow upwards to balance the downward

flux of water vapour. This situation has the potential to

result in significant decreases in water content at the upper

surface, exacerbated by the presence of a practically

impermeable geomembrane as the upper boundary. The

large capillary pressures that may develop as a result have

the potential to induce net tensile forces within the GCL,

and thus a risk of desiccation cracking.

There are limited data regarding the desiccation poten-

tial of GCLs under thermal gradients. Numerical models

have been developed by Döll (1996, 1997), Thomas and

Missoum (1999) and Zhou and Rowe (2003) to describe

the thermal desiccation behaviour of soils. Some experi-

mental investigations into the desiccation behaviour of

GCLs in landfill cover applications (e.g. Sporer and

Gartung 2002) have been performed, but little investiga-

tion has been done into the thermal desiccation behaviour

of these materials in landfill basal liner applications.

Southen and Rowe (2005a) have reported the results of

experimental studies of GCL desiccation. The objective of

this paper is to apply the Zhou and Rowe (2003) model

for representing the desiccation behaviour of GCLs in

landfill basal liner applications by comparing the pre-

dicted and observed behaviour for several laboratory

experiments specifically designed to examine the potential

for desiccation of GCLs in composite liner systems.

2. NUMERICAL MODEL

Methods for analysing the movement of moisture under

non-isothermal conditions have traditionally been based

on the model of Philip and de Vries (1957). This model

uses temperature and water content as basic variables in

the analysis of thermally driven moisture movement,

subject to the assumptions of a rigid, homogeneous

unsaturated medium. Milly (1982) extended the Philip and

de Vries model, using temperature and capillary pressure

(suction) as the basic variables. The use of capillary

pressure rather than water content allows Milly’s model to

be used in the analysis of heterogeneous media. Döll

(1996, 1997) implemented the Milly model in the SUM-

MIT model, and used it to investigate the desiccation

potential in compacted clay liners used at the bottom of a

landfill. Although Döll’s development of the SUMMIT

model represented a significant advance, its application is

limited by the assumption of a rigid medium and the way

in which vapour transport was modelled. A complete

discussion of the applicability and limitations of the Döll

model with respect to the analysis of GCL desiccation has

been presented by Southen and Rowe (2005b) who

concluded that, although the SUMMIT model is useful for

making a general investigation into thermally induced

moisture movement, a more complete model is necessary

for extension of the investigation into cases involving

composite liners containing GCLs.

Zhou and Rowe (2003) present a more complete model

than that of Döll, which allows the analysis of deformable

media. The reader is referred to Zhou and Rowe (2003)

for full details of the model; only a brief summary and

definition of key variables are given below. The stress

state variables (� + pa) and (pl � pa) (¼ pc) are used,

where � is total stress (tension positive), pl is pore water

pressure, pa is air pressure and pc is capillary pressure.

The basic variables used are displacement (u), capillary

pressure (pc), air pressure (pa) and temperature (T). The

development of the model is as follows.

The equation for force equilibrium within the soil may

be written as

d� ijð Þ, j þ dbi ¼ 0 (1)

where �ij is the total stress in the ij direction (tension

positive), and bi is the body force in the i direction.

Vapour

Exothermic degradation of organic
matter

Temperature potentially 20–60°C

Groundwater in aquifer
Temperature typically 5–20°C

Municipal solid
waste

Gravel leachate
collection system

Subsoil

Aquifer

Composite liner
– protection geotextile

geomembrane
GCL

–
–

Liquid waterHeat

Evaporation
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Capillarity
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Figure 1. Mechanisms of thermally induced heat and mass

flux beneath a landfill
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The constitutive relationship is given by

d� ij ¼ 2G d�ij þ �ij

�

1� 2�
d�kk

� �

� KB1�ijdpc � �ijdpa � KB2�ijdT

(2)

where �ij is the strain tensor, �ij is Kronecker’s delta, G is

the shear modulus, � is Poisson’s ratio, K is the bulk

modulus of the soil (¼ (@e/@�)/(1 + e0)), B1 is the com-

pressibility of the soil due to changes in capillary pressure

(¼ (@e/@pc)/(1 + e0)), and B2 is the coefficient of thermal

expansion (¼ (@e/@T)/(1 + e0)).

The mass balance equation for water in a deformable

unsaturated soil is given by

@ rl 1þ eð ÞŁþ rv e� 1þ eð ÞŁ½ �
� �

1þ e0ð Þ@ t ¼ �= ql þ qvð Þ (3)

The mass balance equation for air in a deformable

unsaturated soil is given by

@ rda e� 1� Hð Þ 1þ eð ÞŁ
� �� �

1þ e0ð Þ@ t ¼ �= qdað Þ (4)

where t is time; e is the void ratio; e0 is the initial void

ratio; Ł is the liquid volumetric water content; H is the

coefficient of solubility of air into water (Henry’s law); rs,
rl, rv and rda are the densities of soil solids, liquid water,

water vapour and dry air, respectively; ql, qv and qda are

the fluxes of liquid water, water vapour and dry air,

respectively, and are given by

ql ¼ �rlkl= pc þ pa þ rl gzð Þ

qv ¼ �D�=rv � rvka=pa

qda ¼ �rda Hkl= pc þ pa þ rl gzð Þ þ ka=pa
� �

(5)

where kl is the mobility coefficient of liquid water

associated with Darcy’s law [kl ¼ Kl/(rlg)]; Kl is the

hydraulic conductivity; g is gravitational acceleration; ka
is the mobility coefficient of air; z is the vertical

coordinate; and D� is the effective molecular diffusivity

of water vapour. kl and ka depend on the intrinsic

permeability of the soil material, the degree of saturation,

and the temperature.

The heat energy balance is given by

@�

1þ e0ð Þ@ t � T þ T0ð ÞKB2

@�v
@ t

¼ �=qT (6)

where T0 is the reference temperature (8C) and �v is the

volumetric strain.

The heat content � and total heat flux qT due to

conduction, convection and latent heat transfer can be

expressed as:

� ¼
rsCs þ rlCl 1þ eð ÞŁþ rvCv e� 1þ eð ÞŁ½ �

þrdaCda e� 1� Hð Þ 1þ eð ÞŁ
� �

8<
:

9=
;T

þ L0rv e� 1þ eð ÞŁ½ � þ rl 1þ eð ÞŁW
(7)

qT ¼ �º9=T þ qlClT þ qvCvT þ qdaCdaT þ L0qv

(8)

where Cs, Cl, Cv and Cda are the gravimetric specific heats

of soil solids, liquid water, water vapour and dry air,

respectively; L0 is the latent heat of evaporation at the

reference temperature; W is the differential heat of wetting

associated with the exothermic process of wetting of the

medium; and º9 is the Fourier thermal conductivity of the

unsaturated medium.

Through manipulation of the balance equations and sub-

stitution of additional basic relationships, Zhou and Rowe

(2003) arrive at the following balance equation systems:

L11 þ L21ð Þ @�v
@ t

þ L12 þ L22ð Þ @ pc
@ t

þ L13 þ L23ð Þ @ pa
@ t

þ L14 þ L24ð Þ @T
@ t

¼ = rlkl þ D�1
� �

= pc
� �

þ = rlkl þ rvka þ D�2
� �

= pa
� �

þ = D�3=T
� �

þ = rlkl= rl gzð Þ
� �

(9)

L31
@�v
@ t

þ L32
@ pc
@ t

þ L33
@ pa
@ t

þ L34
@T

@ t

¼ = Hrdakl= pcð Þ þ = rda ka þ Hklð Þ=pa
� �

þ = Hrdakl= rl gzð Þ
� �

(10)

L41
@�v
@ t

þ L42
@ pc
@ t

þ L43
@ pa
@ t

þ L44
@T

@ t

¼ = D�c2= pc þ D�a2=pa þ D�T2=T
�
þ Clrl þ CdardaHð ÞklT= rl gzð Þ

�
(11)

where the full definitions of Lij, D
�
1 , D

�
2 , D

�
3 , D

�
c2, D

�
a2,

and D�T2 are given by Zhou and Rowe (2003).

Equations (1) combined with Equations (2) and (9)–

(11) constitute a set of fully coupled governing equations

describing the thermo-hydro-mechanical behaviour of

unsaturated soils. These equations are non-linear, and

must thus be solved numerically. Application of the

finite element method to Equations (1), (9)–(11) in one-

dimensional form results in (Zhou and Rowe 2003)
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G11 G12 G13 G14

G21 G22 G23 G24

G31 G32 G33 G34

G41 G42 G43 G44

2
66666664

3
77777775

_u

_pc

_pa

_T

8>>>>>>><
>>>>>>>:

9>>>>>>>=
>>>>>>>;

þ

0 0 0 0

0 K22 K23 K24

0 K32 K33 0

0 K42 K43 K44

2
66666664

3
77777775

u

pc

pa

T

8>>>>>>><
>>>>>>>:

9>>>>>>>=
>>>>>>>;

¼

_F1

F2

F3

F4

8>>>>>>><
>>>>>>>:

9>>>>>>>=
>>>>>>>;

(12)

The coefficient matrices G and K depend on nodal

variables, and are given by Zhou and Rowe (2003).

Further details of the numerical method, including a full

description of the mass-conservative finite element

scheme used to evaluate the parameters in Equation (12),

are given in Zhou and Rowe (2003). The model is verified

by comparison with analytical and experimental data, as

well as the numerical predictions of other models, in Zhou

and Rowe (2003, 2005).

The model of Zhou and Rowe discussed above provides

a general, fully coupled framework for analysis of the

non-isothermal behaviour of unsaturated geosynthetic clay

liners in landfill basal liner applications. The Zhou and

Rowe model is one-dimensional, but this assumption is

common, and is considered reasonable with respect to

both temperature and deformations, provided there is an

adequate protection layer to prevent local deformations

due to gravel in the drainage layer, since the geomembrane

and GCL are very thin compared with typical landfill

dimensions. Even more relevant in the context of this

paper is the fact that laboratory experiments to be

modelled were designed to be one-dimensional, and there

was no evidence of lateral movement of the GCL in the

experiments prior to desiccation. One limitation of the

model is that it does not explicitly simulate cracking, or

the shrinkage that would occur once cracking is initiated.

Strictly speaking, the model should not be run after the

horizontal net stress drops below the point where cracking

will occur. In particular, no great significance should be

ascribed to tensile stresses once cracking has been in-

itiated. However, the primary purpose of the model is to

identity whether cracking is likely to occur; the limitation

noted above does not affect the ability of the model to

address this important practical question.

The model allows the simultaneous calculation of stress

and deformation, thus facilitating study of the condition

under which desiccation cracking may be initiated. In the

following section the model is applied to the simulation of

a series of large-scale laboratory experiments, the results

of which were presented by Southen and Rowe (2005a).

The constitutive relations and key material parameters are

discussed in relation to the distribution of moisture,

capillary pressure, temperature and stress observed in the

large-scale tests.

3. MODELLING OF GCL DESICCATION

3.1. Laboratory testing

The results of a series of large-scale laboratory experi-

ments designed to investigate the potential for thermally

induced moisture movement within and beneath geosyn-

thetic clay liners in landfill basal liner applications were

presented by Southen and Rowe (2005a). The method-

ology employed in these experiments will be summarised

briefly here. The goal of the experimental programme was

to simulate reasonable worst-case landfill conditions. The

tests utilised columns 1 m high and 30 cm in diameter.

These columns were filled with a silty sand soil represen-

tative of a suitable subsoil for landfill construction. On

top of this soil was placed a composite liner comprising a

high-density polyethylene (HDPE) geomembrane and a

GCL. The top and bottom of the column were sealed, and

heat and pressure were applied to the upper surface; the

lower surface was not heated. Insulation was provided

around the exterior of the column to ensure that the

thermal gradient developed through the system was one-

dimensional.

Two subsoil materials (S1 and S2) and two GCL

products (G1 and G2) were used in the large-scale

experimental programme. The soils were silty sands with

12–19% silt content, optimum water content of 10–12%,

and maximum dry density of 1.91–1.95 g/cm3: The first

GCL, G1 (Bentofix NS), comprised a 4240 g/m2 granular

sodium bentonite core sandwiched between a 105 g/m2

slit-film polypropylene woven carrier geotextile and a

200 g/m2 polypropylene virgin staple fibre, needle-

punched, nonwoven cover geotextile. The GCL was re-

inforced by needle-punching, and had thermally treated

needle-punched fibres (thermal locking). The second

GCL, G2 (Bentofix BFG 5000), differs from the first in

that the core contains 5000 g/m2 of powdered sodium

bentonite, and the cover nonwoven geotextile is impreg-

nated with 800 g/m2 of bentonite. The carrier geotextile is

a 200 g/m2 polypropylene slit-film woven, while the cover

geotextile is a 300 g/m2 polypropylene, needle-punched,

nonwoven.

A full description of the experimental procedure and

results may be found in Southen and Rowe (2005a). Eight

experiments were conducted as part of the laboratory

programme. To present concisely the key issues associated

with utilising the model of Zhou and Rowe (2003), the

results from two large-scale experiments using each of the

GCL and subsoil materials are presented in this paper.

Table 1 gives pertinent data regarding experimental de-

tails. Measurements taken at the end of the experiments

indicate that, for the conditions analysed, the potential for

desiccation of a GCL in a composite liner subjected to a

thermal gradient does exist. The tests gave final GCL

volumetric water contents between 0.09 and 0.23. Obser-

vations of the GCLs following these tests indicated that

significant desiccation cracking had occurred. Additional

tests conducted with higher initial subsoil water contents

discussed by Southen and Rowe (2005a) did not show

signs of desiccation within the GCL. The Zhou and Rowe

(2003) model was used to simulate these experiments as
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well (Southen 2005). The model indicated that no cracking

was expected in these cases, and so the results are not

presented here, in the interests of demonstrating the

capability of the model more succinctly in cases where

desiccation does occur.

3.2. Constitutive relations and material parameters

In order to use the model of Zhou and Rowe (2003), it is

necessary to obtain various parameters that describe the

physical relationships within the deformable media. Para-

meters are required for equations describing the state

surface, the soil water characteristic curve, the thermal

coefficient of volume change, the unsaturated hydraulic

conductivity function, and the thermal conductivity. Often,

such parameters are difficult to obtain experimentally, and

there is a paucity of data reported in the literature,

especially with respect to geosynthetic clay liners. In this

section, the constitutive relations are presented, along with

the parameters used to describe the behaviour of the GCL

and silty sand subsoil. Justification for the chosen para-

meters is made with respect to experimental data where

available. Table 2 summarises the parameters used to

model the laboratory experiments.

3.2.1. State surface

The following state surface has been shown to give a

reasonable representation of the behaviour of deformable,

unsaturated soils (Lloret and Alonso 1985; Thomas et al.

1996):

e ¼ aþ bln ��ð Þ þ cln �pcð Þ

þ d ln ��ð Þln � pcð Þ þ 1þ e0ð ÞÆT˜T
(13)

where e is the void ratio; e0 is the initial void ratio; � is

the net mean stress; pc is the capillary pressure; ˜T is the

temperature increase; ÆT is the thermal coefficient of

volume change (Section 3.2.5); and a, b, c and d are

model parameters. The parameters a, b and d were chosen

based on published swelling data for the GCLs, and on

consolidation testing for the silty sand. Figure 2 plots the

state surfaces in the e–� plane. The experimental data for

the GCLs were taken from the work of Lake and Rowe

(2000) who conducted swell tests on GCL specimens

nearly identical to those used in the large-scale tests. In

the figure, CSST refers to constant stress swell tests, and

CVST refers to constant-volume swell tests. The inset to

Figure 2 gives the deformation behaviour of the S1 subsoil

material measured in a standard consolidation test (ASTM

D 2435-04). While the log-linear relationship appears to

be a good fit to the GCL data over the range of capillary

pressures studied, it is a simplification for the bi-linear

relationship evident in the silty sand results. An effort was

made to give the best fit to data in the 50–1000 kPa stress

range, as this is typical of the overburden pressures likely

to be encountered in landfill basal liner applications. The

two silty sand subsoils did not show significant variation

in compressibility, so the parameters adopted for S2 were

the same as for S1.

The effect of capillary pressure on void ratio (as

included in Equation (13) by parameters c and d) may be

inferred from observations made during the soil water

characteristic curve (water retention curve) testing re-

ported by Southen and Rowe (2007). For tests conducted

on the silty sand soils S1 and S2, no evidence of volume

change was noted over the range of capillary pressures

examined: thus the silty sand was assumed to have very

low compressibility with respect to changes in capillary

pressure. The influence of suction on the void ratio of the

Table 1. Laboratory test details

Test Pre-heat

duration

(days)

Test

duration

(days)

Initial subsoil

volumetric

water content

Initial subsoil

dry density

(g/cm3)

Initial GCL

volumetric

water content

Applied

pressure

(kPa)

Applied

temperature

gradient (8C/m)

Final GCL

volumetric water

content

Final subsoil

volumetric

water content

G1-S1-L5 50 232 0.07 1.75 0.71 50 27 0.09 0.004–0.16

G2-S2-L3 49 233 0.11 1.79 0.46 70 24.8 0.23 0.005–0.29

Table 2. Model parameters

a b c D a9 b9 c9 d9

S1 0.660 �0.013 �0.0001 1.0 3 10�5 1.0 0.986 0 3.0 3 10�5

S2 0.640 �0.013 �0.0001 1.0 3 10�5 1.0 0.985 0 4.2 3 10�5

G1 8.90 �0.590 �0.310 0.025 1.0 0.93 �1.55 3 10�6 1.7 3 10�7

G2 14.0 �1.0 �0.385 0.025 1.0 0.90 �2.5 3 10�6 1.8 3 10�7

A Sru Æk ÆT ºdry ºsat �

S1 1.0 3 10�6 0.02 �2.5 Varies 0.50 3.50 Varies

S2 5.0 3 10�7 0.0 �2.5 Varies 0.50 3.50 Varies

G1 3.0 3 10�11 �0.40 0.001 Varies 0.10 0.80 Varies

G2 3.0 3 10�11 �1.0 0.001 Varies 0.10 0.80 Varies
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GCLs was inferred based on observations of the change in

void ratio during the soil water characteristic curve testing

reported by Southen and Rowe (2007). The model

assumes a log-linear relationship between capillary pres-

sure and void ratio, with a slope determined by the best fit

to the experimental data using the c and d parameters of

Equation (13). Similar to the e–� relationship, this

representation may be seen as a simplification of the

bi-linear or tri-linear e–pc curves suggested by Fleureau et

al. (1993, 2002), which are analogous to the consolidation

behaviour of an overconsolidated clay. Although Equation

(13) is not an exact representation of the state surface of

compressible soils, it may be seen as a useful empirical

relationship that facilitates the numerical modelling proce-

dure. Further refinement of the model of Zhou and Rowe

(2003) may be necessary to better capture the behaviour

of highly compressible materials. The thermal coefficient

of volume change (ÆT) is discussed further in Section

3.2.5.

3.2.2. Soil water characteristic curve (water retention

curve)

The soil water characteristic curve may be defined using

the equation given by Lloret and Alonso (1985),

Ł ¼ e

1þ e0
a9� b9� c9�ð Þ tanh �d9 pcð Þ
� �

(14)

where Ł is the liquid volumetric water content, and a9, b9,

c9 and d9 are model parameters. Soil water characteristic

curves were obtained for the GCLs using the axis-

translation technique with a pressure membrane extractor,

as discussed by Southen and Rowe (2007). Curves were

obtained under applied loads of 0.5, 3 and 100 kPa to

assess the effect of stress on Equation (14). Figure 3

shows the experimental and model soil water characteristic

curves in terms of degree of saturation (Sr), where

Sr ¼ Ł(1 + e)/e, for tests on GCLs G1 and G2 conducted

under an applied load of 100 kPa. Curves for the two silty

sand materials were obtained using a pressure plate

extractor under zero applied stress conditions, as discussed

by Southen and Rowe (2007). The model of Lloret and

Alonso is limited in its ability to represent accurately the

soil water characteristics of the materials used in the

current study (Figure 3). The fit to the silty sand data is

especially poor at high capillary pressures, and the curve

for the GCL places an artificial limit on the minimum

degree of saturation, which theoretically approaches zero

at capillary pressures approaching 106 kPa (Fredlund and

Rahardjo 1993). Equation (14) was incorporated into the

Zhou and Rowe model for reasons of numerical stability,

but consideration should be given to the adoption of

alternative representations of the soil water characteristic

curve (e.g. Fredlund and Xing 1994) in future revisions of

the model, if it can be extended to account for the effect
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of applied stress on a GCL, to improve the accuracy of the

results. Although there has been recent progress in the

development of techniques for establishing the advances

in the soil water characteristic curve for GCLs (Abuel-

Naga and Bouazza 2010; Beddoe et al. 2010, 2011), there

is still a paucity of data regarding the effect of stress on

the soil water characteristic curve for GCLs that is needed

to improve the constitutive relationship in the Zhou and

Rowe (2003) model; this is an important topic for future

research.

The effect of temperature on the soil water character-

istic curve is accounted for by using a temperature-

corrected capillary pressure term pcc that is assumed to be

a function of capillary pressure and temperature (Milly

1984), given by

pcc ¼ pc exp �CpcTð Þ (15)

where Cpc is the temperature coefficient of water retention

(8C�1). The value of Cpc is taken as 0.00688C�1, based on

Scanlon and Milly (1994).

3.2.3. Unsaturated hydraulic conductivity function

The unsaturated hydraulic conductivity function for an

unsaturated soil may be taken as (Alonso et al. 1988)

Kl ¼ klrl g ¼ A
Sr � Sru

1� Sru

	 
3
10Æk

e (16)

where Kl is the unsaturated hydraulic conductivity; Sr is

the degree of saturation; and A, Sru and Æk are model

constants. The unsaturated hydraulic conductivity function

is very difficult and time-consuming to obtain. To obtain

model parameters that give a reasonable approximation,

Equation (16) was fitted to curves obtained using the van

Genuchten–Mualem equation (van Genuchten 1980). The

most appropriate description of the unsaturated hydraulic

conductivity function for the materials under consideration

was chosen based on the results of numerical modelling

using the Döll model presented by Southen and Rowe

(2005b). Figure 4 gives the curves obtained in this fashion

for the two GCL products and the two silty sands. An

effort was made to fit the curves most accurately where

the degree of saturation is lower, since this is the region of

primary concern when considering desiccation behaviour.

The effect of temperature on the unsaturated hydraulic

conductivity function is accounted for by modifying the

mobility coefficient of water to consider capillary pressure

temperature correction and the change in water viscosity

in a similar manner to that discussed for the soil water

characteristic curve in Section 3.2.2.

3.2.4. Thermal conductivity

The thermal conductivity of unsaturated soil may be

approximated by

º9 ¼ ºdry 1� Srð Þ þ ºsatSr (17)

where ºdry and ºsat are the coefficients of thermal

conductivity of the soil when completely dry and fully

saturated, respectively. To estimate ºdry and ºsat, the

method of de Vries (1975) and Milly (1984) was used.

This method involves a weighted average of the thermal

conductivities of the constituent phases, namely liquid

water, air and soil solids. The thermal conductivity of air

was taken as 0.025 W/(m 8C), and that of water was taken

as 0.57 W/(m 8C). For the GCLs, the thermal conductivity

of the soil solids was taken as 2.0 W/(m 8C), and that of

the geotextile component was 0.12 W/(m 8C). The thermal

conductivity of the soil solids within the silty sand was

taken to be 7.0 W/(m 8C), which corresponds to solid

grains made up of ,70% quartz. The thermal conductiv-

ities of the various constituents are taken from de Vries

(1975), Milly (1984), Neiß (1982) and Farouki (1986).

3.2.5. Thermal coefficient of volume change

The thermal coefficient of volume change (ÆT) used in

Equation (13) can be expressed as (Thomas et al. 1996):

ÆT ¼ Æ0 þ Æ2T þ Æ1 þ Æ3Tð Þln �

�0

� �
(18)

where �0 is the reference stress, and Æ0, Æ1, Æ2, and Æ3

are model parameters. Limited data exist regarding the

change in volume of unsaturated soils with regard to

temperature changes. Delage et al. (2000) present a

discussion on thermal effects for saturated clays, suggest-

ing an inverse relationship between void ratio and tem-

perature due to changes in the thickness of bound water.

Devillers et al. (1996) and Saix et al. (2000) investigate

the influence of temperature on void ratio under oedo-

metric conditions for unsaturated clayey silty sand. They

conclude that thermal consolidation occurs in two stages,

analogous to the mechanical behaviour of overconsoli-

dated clay: that is, ˜e ¼ �CT1log(TL/Ti) + CT2log(Tf /TL).

Up to a limiting temperature (TL) of approximately 408C,

changes in temperature had a relatively small effect on

void ratio, with a thermal compression index (CT1) of

approximately 0.02. Above this threshold, increased tem-

perature led to more significant reductions in void ratio,

with a thermal compression index (CT2) of between 0.05

and 0.08. No reported investigations into the behaviour of

unsaturated soils with low clay content (such as the silty

sand used in the present study) were found. Because of
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this uncertainty, a range of parameters was used in the

modelling, as discussed in Section 3.3.4.

3.2.6. Poisson’s ratio

An estimate of the Poisson’s ratio of the unsaturated soil is

required for the Zhou and Rowe model to calculate shear

and elastic moduli based on the bulk modulus, as well as

to calculate horizontal stresses. Assuming elastic isotropy

for the soil, the Poisson’s ratio � is related to the bulk

modulus K and shear modulus G of the soil by

� ¼ 3K � 2G

6K þ 2G
(19)

In the Zhou and Rowe model, the bulk modulus is

calculated based on the parameters b and d used in

Equation (13). The value of K is then used to calculate the

shear modulus using Equation (19) for a specified Pois-

son’s ratio. Limited data exist regarding the Poisson’s ratio

for unsaturated soils of the type used in the current study.

A survey of reported values for surface soils determined

from seismic wave velocities reported by Salem (2000)

indicates a range of Poisson’s ratio of between 0 and 0.45,

with an average value of 0.35. The value of Poisson’s ratio

was thus varied in the modelling to obtain the best fit with

experimental results, as discussed further in Section 3.3.4.

3.2.7. Diffusion coefficients

The coefficients governing the diffusion of water vapour

due to gradients of capillary pressure, temperature and air

pressure are calculated in the same manner as is used in

the Döll model by Southen and Rowe (2005b). The

general equation for the effective diffusion coefficient D�
is given by

D� ¼ f Łð Þ�Datm T , pað Þ (20)

where D� represents the effective diffusion coefficient in

question, f (Ł) is the effective porosity, � is tortuosity, and

Datm is the vapour diffusion coefficient in free air. The

parameters Fv and �(Ł) are used when calculating the

vapour diffusion coefficient with respect to temperature

gradients, where �(Ł) is the temperature gradient ratio

(accounting for the difference between the bulk tempera-

ture gradient and the higher temperature gradient in air-

filled pores), and Fv is the vapour diffusion enhancement

coefficient:

D�3 ¼ Fv� Łð Þ f Łð Þ�Datm

@rv
@T

����
pc

(21)

In the Zhou and Rowe model, Fv is set to unity (i.e.

enhanced thermal vapour diffusion is not considered), and

the calculation of �(Ł) follows the procedure given by

Döll (1996). More detail regarding these parameters may

be found in Southen and Rowe (2005b) and Zhou and

Rowe (2003).

Based on the above points, parameters were chosen to

represent the behaviour of the two GCL products, G1 and

G2, and the two silty sand subsoil materials, S1 and S2, as

given in Table 2.

3.3. Results

The two large-scale laboratory tests, G1-S1-L5 and G2-

S2-L3, were modelled using the parameters given in Table

2. The problem was analysed using a finite element mesh

containing 160 one-dimensional, two-node elements. The

GCL was modelled as a layer 0.008 m thick using 40

elements, and the subsoil was divided into layers 0.025,

0.075 and 0.90 m thick using 50, 25 and 45 elements,

respectively. All elements are uniformly distributed within

each layer. Simulations were run using a total of 80, 160

and 320 elements to check mesh refinement. It was found

that 80 elements were not sufficient to achieve accurate

results, but adding elements beyond 160 did not signifi-

cantly change the results. For each test the top boundary

conditions were zero moisture flux and prescribed tem-

perature and stress increases, based on the test details. The

bottom boundary conditions were prescribed temperature,

zero moisture flux, and zero displacement. Given the two

distinct stages of the test (i.e. the isothermal pre-heat and

non-isothermal heating stages), the program implementing

the Zhou and Rowe (2003) model was first run with the

boundary conditions for the isothermal stage of the

laboratory tests, and the results were used as initial

conditions for a second run with boundary conditions for

the non-isothermal stage.

3.3.1. Water content and capillary pressure

Figure 5 shows the variation in volumetric water content

with depth at placement, at the beginning of heating and

at termination for tests G1-S1-L5 and G2-S2-L3. As

indicated in Table 1, the subsoil in test G1-S1-L5 was

placed at an initial volumetric water content of 0.073, and

the subsoil in test G2-S2-L3 was placed at an initial

volumetric water content of 0.113. The GCL in test G1-

S1-L5 was placed at an initial volumetric water content of

0.713, whereas for test G2-S2-L3 the GCL was placed at

an initial volumetric water content of 0.458. Figure 5

shows that during the isothermal pre-heating stage of these

tests, the GCL took up water from the underlying subsoil

to approach saturated levels. Moisture redistribution took

place within the subsoil under gravitational forces, such

that the volumetric water content decreased by 0.007–

0.02 in the upper portion of the subsoil and increased by

0.005–0.015 at the base.

Following 232–233 days of heating there were significant

reductions in GCL water content. The GCL in test G1-S1-

L5 decreased in volumetric water content to 0.095, and in

test G2-S2-L3 the final GCL volumetric water content is

0.176. Within the subsoil, the volumetric water content at

the GCL interface reduced to residual values of 0.0048 for

test G1S1 and 0.0050 for test G2-S2-L3. The volumetric

water contents predicted by the numerical model (Figure 5)

fit the general trends observed in the experimental data, and

agreement is especially good within the GCL and in the

upper 5 cm of the subsoil. Deviations from experimentally

observed volumetric water contents within the subsoil are

probably due to the generally poor fit obtained when fitting

Equation (14) to the experimental soil water characteristic

curve data, especially for the silty sand.
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The distribution of water content is closely related to

the variation of capillary pressure within the soil. Figure 6

shows the predicted capillary pressure profiles for tests

G1-S1-L5 and G2-S2-L3. Large changes in capillary

pressure occurred with depth to approximately 0.1 m

below the GCL, at which point the variation became more

modest with depth. For G1-S1-L5 (Figure 6), the capillary

pressure changed rapidly from approximately 50 kPa at a

depth of 0.1 m to approximately 60 000 kPa at the GCL

interface. With reference to Figure 3, it is within the range

of capillary pressure from 10 to 100 kPa that the silty sand

undergoes an extreme change in water content. As vapour

flow transports moisture downwards, the reduction in

water content in this range led to a decrease in unsaturated

hydraulic conductivity by several orders of magnitude

(Figure 4), which limited the upward transport of liquid

water needed to offset the downward vapour flow. This

resulted in further reductions in water content and hydrau-

lic conductivity, exacerbating the degree of desiccation.

Figure 7 shows the predicted temporal variation of (a)

water content and (b) capillary pressure at different depths

for test G2-S2-L3. Desaturation occurred rapidly within

the upper subsoil, and the residual water content was

reached within 40 days after the start of heating (although

the capillary pressure continued to increase after this

time). The GCL also experienced a relatively rapid

reduction in water content. The decline in volumetric

water content from 0.71 initially to 0.61 after 1 day may

be attributed to a reduction in void ratio caused by the

applied overburden stress, since no corresponding increase

in capillary pressure was noted during this period.

Changes in volumetric water content and capillary pres-

sure within the GCL became less pronounced after

approximately 200 days. This suggests that elevated

temperatures need not occur for extended periods to create

the risk of desiccation.

3.3.2. Temperature

The experimental observations and the calculated tempera-

tures are shown in Figure 8. The temperature gradient
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decreased with depth, due primarily to the direct relation-

ship between the thermal conductivity of the subsoil and

its water content. The numerical model performed reason-

ably well, although the temperature gradient in the upper

portion was underpredicted.

3.3.3. Deformation

One of the advantages of the Zhou and Rowe (2003)

model is the assumption of a deformable medium. As

indicated in Figure 2, GCLs are extremely compressible,

and thus it is necessary to account for deformation. Table

3 gives the initial and final GCL void ratios observed for

tests G1-S1-L5 and G2-S2-L3. Significant reductions in

void ratio were observed. Also presented in Table 3 are the

final void ratios predicted by the model for each test. The

predicted void ratios are nearly identical to those observed.

A model that does not take such deformation into account

is not suitable for the prediction of GCL desiccation.

3.3.4. Stress

The model of Zhou and Rowe allows the simultaneous

calculation of stress and deformation, which facilitates the
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Table 3. Variation in GCL void ratio

Test e0 ef efpredicted

G1S1 2.62 1.76 1.78

G2S2 2.88 0.99 0.98
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evaluation of desiccation potential. The calculated varia-

tion of net total horizontal stress (�H + pa) with depth is

shown in Figure 9 for tests G1-S1-L5 and G2-S2-L3 with

� ¼ 0.25 for both materials, ÆTGCL ¼ �0.0002 and

ÆTSS ¼ 0. The Poisson’s ratio and thermal coefficient of

volume change used are discussed in detail below. Test

G1-S1-L5 was conducted with an applied overburden

stress of 50 kPa, whereas a 70 kPa overburden stress was

applied in test G2-S2-L3. A concentration of stress within

the GCL was predicted for test G2-S2-L3, owing to

swelling (expansion) of the GCL as it hydrates. Capillary

pressure had relatively little effect on the predicted

horizontal stress within the subsoil, since the compressi-

bility of the silty sand with respect to changes in capillary

pressure was very low (see Table 2, parameters c and d ).

In contrast, the GCLs were found to have significant

compressibility with respect to changes in capillary pres-

sure. As a result, the high capillary pressures noted in

Section 3.2.1 give rise to the development of tensile

horizontal stresses within the GCLs. Air pressure (pa) was

atmospheric at the beginning and end of the tests, such

that the net total stresses were equal to the total stresses at

these times. Some transient variation in air pressure was

noted, although the effects were minor.

As discussed in Sections 3.2.5 and 3.2.6, parameters for

the thermal coefficient of volume change (ÆT) and

Poisson’s ratio (�) are not well defined. To examine the

effect of these parameters, they were varied within a range

of reasonable values. Poisson’s ratios of 0.25, 0.30 and

0.35 were chosen for both the silty sand and the GCL.

The value of ÆT was chosen based on a linear fit of the

logarithmic coefficients given by Devillers et al. (1996).

For the silty sand subsoil, values of 0.00025, 0 and

�0.0002 were used, and the GCL had values of 0 and

�0.0002. The chosen value of ÆT had a significant effect

on the predicted horizontal stresses within the subsoil. For

ÆTSS ¼ 0.00025 thermal expansion of the subsoil under

elevated temperatures resulted in larger compressive stres-

ses at the GCL interface, decreasing gradually with depth.

For ÆTSS ¼ �0.0002 the reverse was true, with more

tensile stress induced at the upper boundary. The results

given in Figure 9 are those with ÆTSS ¼ 0. Changes in

ÆTSS had relatively little effect on predicted horizontal

stresses within the GCL, and practically no effect on

predicted suctions, water contents or temperatures was

noted within either material.

Figure 10 shows the predicted net total horizontal stress

within the GCL for a range of Poisson’s ratio and ÆT: As
may be expected, a decrease in the Poisson’s ratio resulted

in less compressive horizontal stress within the GCL.

Changes in the thermal coefficient of volume change of

the subsoil had practically no effect on the predicted

stresses within the GCL (compare B and C), and changes

in the thermal coefficient of volume change of the GCL

had only a modest effect (compare A and B/C). It is

generally assumed that cracking occurs when the net total

horizontal stress within the soil becomes more tensile than

the tensile strength of the soil (Morris et al. 1992). No

data could be found in the literature regarding the tensile

strength of the mineral component of GCLs, but a

conservative approach would be to assume zero tensile

strength (i.e. that cracking is initiated when the horizontal
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stress within the GCL becomes tensile). From Figure 10 it

can thus be said that for cracking to occur under the

conditions analysed, the Poisson’s ratio of GCL G1 must

be less than ,0.32, and that of G2 must be less than

,0.27. Since cracking was observed throughout the thick-

ness of the GCL for both tests G1-S1-L5 and G2-S2-L3, a

Poisson’s ratio of 0.25 was taken to be appropriate. This

value is in agreement with some limited data for sensitive

clays reported in the literature (e.g. Ghahremannejad

2003).

4. CONCLUSION

The fully coupled model of Zhou and Rowe (2003) was

used to simulate the results of large-scale laboratory tests

that investigated the non-isothermal behaviour of geosyn-

thetic clay liners in landfill basal liner applications. A set

of constitutive equations and material parameters were

presented that define the thermal, mechanical and hydrau-

lic behaviour of two silty sand and two GCL materials.

These relationships were used to calibrate the numerical

model. Results of numerical simulations of the laboratory

tests in terms of water content, capillary pressure, tem-

perature and stress distributions were presented. In addi-

tion, the deformation of the GCLs was discussed.

Encouraging agreement between the numerical and experi-

mental results was achieved.

Under the conditions examined, a 258C/m temperature

gradient led to the development of capillary pressures in

excess of 10 MPa within the GCL and upper portion of

the subsoil. This capillary pressure resulted in the develop-

ment of tensile stresses within the GCL, increasing the

resultant likelihood of cracking. Based on a parametric

investigation, the Poisson’s ratio was found to be a

governing factor in horizontal stress development, with the

thermal coefficient of volume change playing a secondary

role. A Poisson’s ratio of 0.25 resulted in predicted

horizontal tensile stresses supporting qualitative observa-

tion of desiccation cracking in the GCLs.

One important implication or the work reported herein

is that elevated temperatures need not occur for extended

periods to create the risk of desiccation.

The results of the numerical analyses suggest that the

Zhou and Rowe (2003) model is suitable for investigations

of the desiccation behaviour of deformable unsaturated

soils. A set of parameters has been presented that allows

simulation of thermally induced moisture movement with-

in and beneath GCLs as part of a landfill composite lining

system.
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NOTATIONS

Basic SI units are given in parentheses.

A parameter for unsaturated hydraulic

conductivity function (m/s)

a, b, c, d parameters for state surface of void ratio

(dimensionless)

a9, b9, c9, d9 parameters for soil water characteristic

curve (dimensionless)

B1 compressibility of soil due to changes in

capillary pressure (m2/N)

B2 coefficient of thermal expansion (8C-1)

bi body force in the ith direction (N/m3)

Cda gravimetric specific heat of dry air

(J/(kg 8C))

Cl gravimetric specific heat of liquid water

(J/(kg 8C))

Cpc temperature coefficient of water retention

(8C�1)

Cs gravimetric specific heat of soil solids

(J/(kg 8C))

CT1 primary thermal consolidation index (for

temperatures below Tl) (dimensionless)

CT2 secondary thermal consolidation index

(for temperatures above Tl)

(dimensionless)

Cv gravimetric specific heat of water vapour

(J/J/(kg 8C))

Datm vapour diffusion coefficient in free air

(m2/s)

D� effective molecular diffusivity of water

vapour (m2/s)

e void ratio (dimensionless)

e0 initial void ratio (dimensionless)

f (Ł) Effective porosity (dimensionless)

Fv vapour diffusion enhancement coefficient

(dimensionless)

G shear modulus (N/m2)

g gravitational acceleration (m/s2)

H coefficient of solubility of air into water

(dimensionless)

K bulk modulus (N/m2)

Kl hydraulic conductivity (m/s)

L0 latent heat of evaporation at reference

temperature (J/kg)

pa air pressure (N/m2)

pc capillary pressure (N/m2)

pcc temperature-corrected capillary pressure

(N/m2)

pl pore water pressure (N/m2)

qda flux of dry air (kg/(m2 s))

ql flux of liquid water (kg/(m2 s))

qT heat flux (W/m2)

qv flux of water vapour (kg/(m2 s))

Sr degree of saturation (dimensionless)

Sru parameter for unsaturated hydraulic

conductivity function (dimensionless)

T temperature (8C)

T0 reference temperature (8C)

TL limiting temperature in thermal

consolidation equation (8C)

t time (s)

u displacement (m)

ui displacement in the ith direction (m)

W differential heat of wetting (J/kg)

z vertical coordinate (m)

ÆT thermal coefficient of volume change

(8C�1)

Æk parameter for unsaturated hydraulic

conductivity function (dimensionless)

Æ0, Æ1 parameters for thermal coefficient of

volume change (8C�1)

Æ2, Æ3 parameters for thermal coefficient of

volume change (dimensionless)

�ij Kronecker’s delta (dimensionless)

�ij strain tensor (dimensionless)

�v volumetric strain (dimensionless)

Ł liquid volumetric water content

(dimensionless)

ka mobility coefficient of air associated

with Darcy’s law (dimensionless)

kl mobility coefficient of liquid water

associated with Darcy’s law

(dimensionless)

º9 thermal conductivity of unsaturated

medium (W/(m 8C))

ºdry thermal conductivity of dry soil

(W/(m 8C))

ºsat thermal conductivity of saturated soil

(W/(m 8C))

� Poisson’s ratio (dimensionless)

�(Ł) temperature gradient ratio (dimensionless)

rda density of dry air (kg/m3)

rl density of liquid water (kg/m3)

rs density of soil solids (kg/m3)

rv density of water vapour (kg/m3)

� total stress (N/m2)

�ij total stress in the ij direction (N/m2)

�0 reference stress (N/m2)

� tortuosity (dimensionless)

� heat content (J/(m3 8C))

ABBREVIATIONS

GCL geosynthetic clay liner

HDPE high-density polyethylene

MSW municipal solid waste
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couplage thermomécanique dans la consolidation de sols non

saturés. Canadian Geotechnical Journal, 37, No. 2, 308–317.

Salem, H. S. (2000). Poisson’s ratio and the porosity of surface soils and

shallow sediments, determined from seismic compressional and
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