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Abstract. The in£uence of temperature on the hydraulic properties ofunsaturated clays is ofmajor
concern in the design of engineered barriers in underground repositories for high-level radioactive
waste disposal.This paper presents an experimental study centred on the investigation of the in£u-
ence of temperature on soil hydraulic properties related to water retention and permeability. Lab-
oratory tests were conducted on arti¢cially prepared unsaturated fabrics obtained from a
natural kaolinitic-illitic clay. Special attention is given to the testing procedures involving controlled
suction and temperature oedometer cells and the application of thevapour equilibrium technique at
hightemperatures.Retention curves atdifferenttemperatures show thattotal suction tends to reduce
with increasing temperatures at constant water content. Temperature in£uence on water per-
meability is more relevant at low matric suctions corresponding to bulk water preponderance
(inter-aggregate zone). Belowadegree of saturation of 75% no clear effect is detected. Experimental
data show that temperature dependence on permeability at constant degree of saturation and con-
stant void ratio is smaller than what could be expected from the thermal change in water viscosity.
This behaviour suggests that phenomena such as porosity redistribution and thermo-chemical
interactions, which alter clay fabric and pore £uid, can be relevant.
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1. Introduction

The range of geotechnical engineering applications is becoming increasingly wider in
recent years, mainly in the geoenvironmental area. The need to successfully tackle
these new geoenviromnental problems requires the extension of current understand-
ing of soil behaviour with the description of new phenomena and the incorporation
of relevant stress and environmental state variables. Two of such variables, suction
(as a stress state variable) and temperature (as an environmental state variable),
are discussed in this paper regarding their effects on hydraulic features, namely
the water retention capacity and the water permeability of an unsaturated clay.

The in£uence of temperature on the hydraulic properties of clays is of major
concern in the design of engineered barriers in underground repositories for
high-level radioactive waste disposal (Gens et al., 1998; Kanno et al., 1999). These
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initially unsaturated barriers experience a transient wetting phase governed by the
rate of absorption of natural water from the host geological medium and a
transient temperature regime controlled by the decaying heat power input induced
by the waste.

The distribution and transfer of humidity and their consequences on the
mechanical behaviour of pavement^base^subgrade systems represent another
example where seasonal and daily cyclic changes of temperature and suction regimes
play an important role (Alonso, 1998).

There are a number of laboratory results concerning thermal effects on saturated
water permeability (Towhata et al., 1993; Khemissa, 1998; Cho et al., 1999; Delage
et al., 2000), but on the contrary, experimental information concerning unsaturated
states is very limited and restricted to sandy and silty soils (Hopmans and Dane,
1986). In addition, results related to temperature effects on water retention curves
have been usually limited to low suctions or low temperatures (Nimmo and Miller,
1986; Constantz, 1991; Wan, 1996; She and Sleep, 1998). To gain insight into these
aspects of behaviour, a systematic research program has been carried out on
arti¢cially prepared clayey samples to investigate changes in hydraulic properties
induced by heating. In this study, maximum temperature is limited to 80�C so that
no appreciable phase change can occur.

These new applications, related mainly to the effects of partial saturation and the
consequences of temperature changes, require new experimental equipment and
the adaptation of conventional controlled suction techniques. Two well-posed
techniques have been used in the experimental program: vapour equilibrium and
axis translation techniques. Special attention is also given in the paper to the
development of a new oedometer cell and testing procedures consisting of axis
translation application with simultaneous control of temperature. Experimental
aspects and problems concerning the use of the vapour equilibrium technique at
high temperatures are also described.

The paper presents water retention results of gravimetric water content ^ tempera-
ture relationships at constant suction, and retention curves at constant void ratios
under different temperatures. Water permeability and relative water permeability
dependence on degree of saturation, void ratio and temperature obtained from
in£ow/out£ow test data are also presented. Finally, a phenomenological interpret-
ation of temperature and suction effects on hydraulic properties is described.

2. Material, testing procedures and equipment

2.1. ARTIFICIALLY PREPARED MATERIAL

Laboratory tests were conducted on an arti¢cially prepared powder (statically
compacted on the dry side of optimum water content) obtained from natural Boom
clay (Mol, Belgium). This moderately swelling clay (20%^30% kaolinite, 20%^30%
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illite and 10%^20% smectite) has a liquid limit of wL ¼ 56%, a plastic limit of
wP ¼ 29%, a speci¢c gravity of Gs ¼ 2:70 and 50% of particles less than 2 mm.

Two types of procedures were followed to prepare samples at low and high water
contents. Specimens used for the study of water retention at four different tempera-
tures using vapour equilibrium control were prepared at low water content. In
preparing these samples, powder was left in equilibrium with laboratory atmosphere
at an average relative humidity of 47% (total suction c � 100 MPa) to achieve a
hygroscopic water content of 2:5 � 0:3%. Soil samples (15 mm in diameter and
12 mm high) were one-dimensionally compacted under constant water content at
seven different initial dry unit weights ranging from 14.7 to 20.6 kN/m3.

Specimens for the study of water retention and permeability at two different
temperatures using the axis translation technique were prepared at high water
content. In these samples, the required quantity of demineralised water to achieve
a predetermined water content of 15:0 � 0:3% was added to the powder, previously
cured at a relative humidity of 90%. After equalisation, an initial total suction
of c � 2:3 MPa was attained at 22‡C. Afterwards, a one-dimensional and isothermal
static compaction was followed at two different temperatures (22 and 80‡C) until a
speci¢ed ¢nal volume was achieved under constant water content. The compaction
was performed in a hermetic mould (constant mass system) surrounded by a
thermostatically controlled heater. Further details of sample preparation techniques
are described in Romero (1999). The experimental program was performed with two
soil fabrics: a high-porosity fabric at a dry unit weight of 13.7 kN/m3 with a
collapsible structure upon wetting and a low-porosity fabric with a swelling tendency
upon wetting at 16.7 kN/m3.

The compacted samples display an aggregated fabric, as detected from
freeze-dried samples observed using scanning electron microscopy (Romero, 1999).
Experimental data are interpreted on the basis of the existence of two main pore
size regions, as observed from the analysis of mercury intrusion/extrusion
porosimetry results (Romero et al., 1999). Firstly, an intra-aggregate porosity, con-
taining quasi-immobile water, exists at water contents lower than 13^15% and pore
sizes smaller than 150 nm. Secondly, an inter-aggregate and interconnected porosity
containing bulk water occurs at water contents greater than 13^15%. Experimental
results presented by Romero et al. (1999) show that intra-aggregate water represents
54^59% of the total volume of water in a low-porosity packing compacted at 16.7
kN/m3, whereas it corresponds to a maximum of 38% for a packing compacted
at 13.7 kN/m3.

2.2. WATER RETENTION TESTS USING THE VAPOUR EQUILIBRIUM TECHNIQUE

2.2.1. General aspects of the vapour equilibrium technique at different temperatures
The vapour equilibrium technique is appropriate for prescribing high suction values by
imposingaknown total suction.This techniquewasused for the studyofwater retention
at low water contents and at four different temperatures (22, 40, 60 and 80‡C. It was
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implementedby controlling the relative humidity of a constantmass systemwith respect
to vapour. Soilwater potentialwas appliedbymeansofwatermolecule transfer through
the vapourphase fromthe reference system to the soil pores.This technique is associated
with the control of total suction, since the gaseous phase acts like a membrane that is
permeable to water but not to dissolved salts.

Partially saturated solutions with varying solute quantities were used in order to
achieve the predetermined relative humidity. Sodium chloride, a non-volatile solute
at the applied temperature, was chosen to prepare the aqueous solutions. Since
testing was carried out at four different temperatures (22, 40, 60, 80‡C) the concen-
trations to achieve the desired suctions had to be calculated for different
temperatures. The relationship between the relative vapour pressure or activity
al of the NaCl aqueous solution and the molality of the solute m (mol of NaCl/kg
of pure water), as a function of temperature T (‡C), is given by the following empiri-
cal expression (Horvath, 1985; Romero, 1999):

al ¼ 1 � 0:035m�mðm� 3Þf ðT Þ ð1Þ

f ðT Þ ¼ 1:977 � 10�3 � 1:193 � 10�5T for mX 3 mol=kg ð2Þ

f ðT Þ ¼ 1:142 � 10�3 for m < 3 mol=kg ð3Þ

The energy status or total suction that is imposed on the soil water can be related to the
activity of the solution through the psychrometric law (Fredlund and Rahardjo, 1993).
Figure 1 represents the total suctionc as a function of the molality of the NaCl solution
at different temperatures, according toEquations (1) to (3). Theoretical values reported
by Lang (1967) obtained from osmotic coef¢cients at different concentrations and tem-
peratures of the electrolyte solution are also indicated in Figure 1. A value of 3 MPa
was selected as the total suction lower limit. This is due to the dif¢culty of controlling,
with accuracy, high relative humidity values that require small quantities of solute.
As indicated in Figure 1, the slope of the curve is steeper at low values, hindering total
suction control. In addition, small variations of temperature of the order of
80:0 � 0:2‡C at constant vapour pressure, can induce total suction changes of around
3:0 � 1:3MPaduetotemperatureeffectsonsaturatedvapourpressureandtheproximity
to the dew point temperature. The total suction upper limit is controlled by the salt
solubility (m ¼ 6:1 mol/kg at 22‡C) that restricts the relative humidity to a minimum
of 0.75 at 22‡C.

2.2.2. Water retention tests at low water contents
Water retention results were obtained from isothermal wetting paths performed with
the vapour equilibrium technique at four different temperatures and under free
swelling conditions with zero boundary stresses. Compacted soil samples, according
to the initial conditions indicated in Section 2.1, were equilibrated in hermetic jars
(partially ¢lled with 4 � 105 mm3 of NaCl solution) at speci¢ed temperatures (22,
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40, 60 and 80‡C). Samples were allowed to equilibrate for a constant period of two
weeks at different relative humidity values, corresponding to the following total
suctions: 32, 10, 8, 6 and 3 MPa. At the end of each single-stage equilibrium test
the different samples were carefully and quickly weighed (water content resolution
of 0.02% associated with the moisture content loss during the weighing operation)
and measured (volumetric resolution less than 0.2%). In addition, the water content
of the specimens was determined. More details concerning the experimental
procedure are described in Romero (1999).

2.3. WATER RETENTION AND WATER PERMEABILITY TESTS USING THE AXIS

TRANSLATION TECHNIQUE

2.3.1. Controlled suction equipment with axis translation technique
The axis translation technique was used for the study of water retention and
permeability at high water contents and at two contrasting temperatures of 22
and 80‡C. This method is associated with the matric suction component

Figure 1. Total suction application using vapour equilibrium technique with partially saturated NaCl
solutions at di¡erent temperatures
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s ¼ ðua � uwÞ, in which soil water potential is predominantly controlled by liquid
phase transfer through an interface that is permeable to dissolved salts. The pro-
cedure involves the translation of the reference air pressure by an arti¢cial increase
of the atmospheric pressure in which the soil is immersed. The air overpressure meth-
odology was applied in the experiments with a constant air pressure of ua ¼ 0:5 MPa.
The water pressure uw is translated into the positive range. However, a limitation of
axis translation at high temperatures is that the system of air pressure regulation
is open to vapour (non-constant mass), which induces soil water to evaporate.

Figure 2 shows the layout of the temperature and controlled suction system and a
number of auxiliary devices necessary to perform the tests. A controlled suction
oedometer cell surrounded by a thermostatically controlled heater (silicone oil bath
and heater indicated by number 1 in Figure 2) was employed for the study of
the soil in the low suction range (sW 0:45 MPa). Soil temperature was measured
with thermocouples located close to the sample, used as feedback signals acting
on a programmable thermostat. A water volume change indicator connected to
the high air-entry value (HAEV) ceramic disc (number 3 in Figure 2) and maintained
at a reference laboratory temperature was used to obtain the values of in£ow and

Figure 2. Experimental layout of the temperature and controlled suction system (Romero et al., 1995)
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out£ow of water, as well as the water retention for each suction and temperature
condition.

Once the hot samplewas compacted as described in Section 2.1 and removed from the
hermeticmould, it was quickly installed in the oedometer cell tominimise water content
losses due to evaporation (number 2 in Figure 2). The different pieces of the oedometer
cell were previously heated to the target temperature. Spurious expansions of the dif-
ferent elements were hence minimised while thermal equilibrium was reached. Trans-
ferring the specimen from the compaction mould to the cell induced a maximum
temperature change of around �5‡C and water content changes between �0:6 and
�0:9%. The estimated initial total suction of the heated sample is between 2.6 and
3.0 MPa. Further experimental details are described in Romero (1999).

In order to accurately determine water volume changes it is necessary to account
for water volume losses due to evaporation in the air pressure system (open system
to vapour). Evaporative £uxes originate due to the difference in vapour pressure
between soil voids and the air pressure system (coarse porous stone, number 4
in Figure 2). Volumetric evaporative £uxes are detected in the water volume change
device under steady-state conditions. Evaporative £uxes reduce with increasing
applied matric suction, with increasing relative humidity in the air pressure system
and with lower soil porosity (Romero, 1999).

A series of 1-D coupled thermo-hydraulic analysis were carried out by Romero
(1999) to simulate evaporative £uxes at 80‡C. Measured volumetric evaporative
£uxes are compared to the predictions of the simulation in Figure 3, in which
different relative humidity values hrf at the soil surface in contact with the coarse
porous stone have been prescribed (95.0, 98.0, 99.0, 99.5 and 99.9%). A matric
suction of s ¼ 0:20 MPa was ¢xed at the bottom boundary of the soil in contact
with the HAEV ceramic disc. An initial relative humidity of hro ¼ 95% was imposed
at the top boundary in contact with the coarse porous stone, which progressively
tended to the different target values hrf previously indicated. The objective of
the simulation was to determine the feasibility of matric suction equalisation
throughout the sample height of 10 mm at 80‡C. Two different water £uxes are
involved in the process. Firstly, an evaporative £ux that tries to dry the clay,
dependent on soil properties (mainly porosity and degree of saturation affecting
vapour diffusivity) and top boundary conditions (relative humidity of the air above
the evaporating surface). Secondly, a liquid water transfer through the HAEV
ceramic disc that is dependent on soil and ceramic disc permeability. As observed
in Figure 3, if volumetric evaporative £uxes measured at a reference temperature
of 22‡C are kept under a value of 1 � 10�6 (mm3/s)/mm2, a relative humidity higher
than 98.5% is ensured in the air pressure system. This relative humidity restricts
water vapour transfer at high temperatures and permits the attainment of matric
suction equalisation over the entire sample height. Under these conditions,
maximum matric suction at the top boundary is expected to increase up to 0.22
MPa, as indicated in Figure 3. Therefore, a vapour trap was installed in the air
pressure system to maintain a relative humidity higher than 98.5% (Figure 2).
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It is also important to £ush air bubbles periodically from below the HAEV ceramic
disc. This accumulation can induce the progressive loss of continuity between the
pore water and the water in the measuring system, especially at high temperatures
and high-applied matric suctions. An increase of the air diffusion coef¢cient through
HAEV ceramic discs at high temperatures has been measured by Romero (1999):
between 6 � 10�11 and 1 � 10�10 m2/s at 22‡C and between 2 � 10�10 and
3 � 10�10 m2/s at 80‡C. A diffused air volume indicator was therefore incorporated
in the water pressure system to allow periodic £ushings and measurements, as
observed in Figure 2.

2.3.2. Water retention and water permeability tests at high water contents
Isothermal wetting and drying cycles were performed on both compacted fabrics at
constant net vertical stresses (varying between 26 kPa and 1.2 MPa) or constant
volume (isochoric) conditions. In this way, a wide void ratio range ^ from 0.60
to 0.95 ^ was covered. The same matric suction steps were followed in the wetting
and drying paths: 0.45, 0.20, 0.06 and 0.01 MPa. Water permeability was determined
under transient conditions by analysing the in£ow data (wetting paths) or out£ow
data (drying paths). On the other hand, water retention values were measured only
in wetting paths after matric suction equalisation under isochoric conditions.

Figure 3. Matric suctions reported by the thermo-hydraulic analysis for di¡erent relative humidity values
in the air pressure system. Measured range of evaporative £uxes
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The water permeability values were obtained from in£ow and out£ow data using
the expressions that are presented below and the correction proposed by Kunze
and Kirham (1962), which takes into account ceramic disc impedance. The
in£ow/out£ow approach is an unsteady-state method based on the use of the
pressure plate apparatus and initially developed by Gardner (1956) only for out£ow.
A step matric suction decrease/increase was applied to the soil and the transient
in£ow/out£ow of water was carefully measured with time and interpreted with a
simpli¢ed resolution of Richards’s equation. Experimental methods for determining
water permeability are described in Vicol (1990), Fredlund and Rahardjo (1993) and
Juca¤ and Frydman (1996). The volume QðtÞ of intruded/ extracted water at time t is
given by the following expression (Kunze and Kirham, 1962):

QðtÞ
Qo

¼ 1 �
X1
n¼1

2 expð�a2
nDwt=L2Þ

a2
nðaþ csc2anÞ

ð4Þ

where Qo is the total volume of in£ow/out£ow for a water pressure
increment/decrement, L the soil height, Dw the capillary diffusivity that is dependent
on the water permeability, a the ratio of impedance of the ceramic disc to the
impedance of the soil a ¼ kwe=ðLkdÞ (e is the ceramic disc thickness and kd its water
permeability), and an, the nth solution of the equation aan ¼ cot an (for
n ¼ 1; 2; . . .). Equation (4) is subject to a number of simpli¢cations and assumptions:
the soil matrix is rigid, the water £ow is isothermal and one-dimensional, the £uid is
homogeneous and incompressible and the £ow of air in the porous medium is
neglected or considered to be instantaneous. A non-linear, least-squares
optimisation procedure was used according to Equation (4) to approximate test
readings (time evolution of in£ow/out£ow data QðtÞ=Qo) to the predictions of
the model, in order to obtain the Dw parameter. Test data were evaluated using
in£ow/out£ow results that did not exceed 30% of the total change
(0:20WQðtÞ=Qo W 0:30). Under this short period, Dw and the soil volume are
not constant, but their variation can be neglected as a ¢rst approximation. Water
permeability kw was calculated from the following expression:

kw ¼
DwgwQo

Vduw
ð5Þ

where duw is the water pressure increment/decrement, V the volume of the sample
and gw the water unit weight.

3. Test results and interpretations

3.1. WATER RETENTION RESULTS

3.1.1. Water retention results at low water contents
Figure 4 summarises the water retention data obtained through the application of
the vapour equilibrium technique. Temperature derivatives at constant total suction
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(@w=@T Þc are also indicated. It can be seen that moisture retention capacity of the
clay at low water contents (corresponding to the adsorbed water contained in
the intra-aggregate porosity) is in£uenced by temperature. At a given total suction,
water content reduces with increasing temperatures, as clearly detected for 8, 10
and 32 MPa. However, the reduction at c ¼ 6 MPa is hardly noticeable. In addition,
it appears that temperature derivatives ð@w=@T Þc tend to increase at higher total
suctions, showing less evident temperature effects. Water retention data reported
by Romero (1999) of the same soil and ranging from c ¼ 55 to 240 MPa showed
no noticeable temperature effects.

Lower values of moisture retention under constant total suction and higher
temperatures are in agreement with experimental results reported by Wan (1996)
testing Boom clay up to 50‡C and using vapour equilibrium technique. In addition,
lower water contents for the same matric suction and higher temperatures are also
consistent with data reported in the low suction range (sandy and silty material)
by Saha and Tripathi (1979), by Nimmo and Miller (1986), by Hopmans and Dane
(1986), by Constantz (1991) and by She and Sleep (1998).

Total suction ^ temperature plots at constant water content varying between 6%
and 11% are indicated in Figure 5. Temperature derivatives at constant water
content ð@c=@T Þw, are also reported. Deviations at 80‡C may be associated with
some water evaporation affecting water content determinations. As clearly detected

Figure 4. Water content ^ temperature plots at constant total suction
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in the ¢gure, for a speci¢ed water content contained in the intra-aggregate porosity,
total suction tends to decrease with increasing temperatures.

Following the suggestion of Philip and de Vries (1957), numerous experimental
results of temperature effects on matric suction s at constant water content w
and for monotonic paths have been interpreted on the basis of temperature
dependence on surface tension of water sðT Þ:

@sðw;T Þ

@T

� �
w
¼

sðw;T Þ

sðT Þ

dsðT Þ

dT
¼

b
aþ bT

sðw;T Þ ð6Þ

The simplest empirical relationship between s and T is a linear ¢t as indicated in
Equation (6), which describes temperature effects in the experimental range:
sðT Þ ¼ aþ bT , with a ¼ 0:118 Nm�1 and b ¼ �1:54 � 10�4 Nm�1 K�1. A theory
to allow the incorporation of temperature induced changes in wetting coef¢cients
in Equation (6) has been proposed by Grant and Salehzadeh (1996) derived from
thermodynamics of interfacial phenomena. Integrating Equation (6) between a
reference temperature Tr and an observational temperature T , temperature effects

Figure 5. Total suction ^ temperature plots at constant water content
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on energy status of soil water can be derived from the following coef¢cients affecting
a reference matric suction sðw;TrÞ (Grant and Salehzadeh, 1996):

sðw;T Þ

sðw;TrÞ
¼

a1 þ b1T
a1 þ b1Tr

� �b1

ð7Þ

where a1 and b1 are empirical coef¢cients re£ecting the actual behaviour compared to
the surface tension mechanism. If values estimated from the analysis of experimental
data tend to b1 ¼ 1 and a1 ¼ a=b ¼ �766 K, then temperature induced changes may
be described by temperature effects on surface tension.

Comparisonsbetween total suction^ temperatureplots at constantwater contentand
predicted in termsof surface tensionmechanismofpurewaterarealso shown inFigure5.
At higher temperatures, the theory under-predicts the in£uence of temperature on total
suction. Therefore, the capillary model cannot solely explain the effect of temperature
at high suctions, as expected for adsorbed water in relatively active clays. Additional
thermal disturbances altering clay fabric and intra-aggregate £uid chemistry are to
be postulated. Test results showing greater temperature dependence have been reported
by Hopmans and Dane (1986), Nimmo and Miller (1986) and Constantz (1991) in
the low suction range for sandy and silty soils.

3.1.2. Overall picture of water retention results: low and high water contents
The overall picture of water retention results is depicted in Figure 6, in which the
relationship between suction and water content under isochoric conditions and
two different temperatures (22 and 80‡C) is plotted. Data at high total suctions
(3 MPaWcW 32 MPa), corresponding to the intra-aggregate water, were
interpolated at constant dry unit weight from free swelling data, following the
procedure detailed in Section 2.2.2. Wetting data at low matric suctions
(sW 0:45 MPa) were obtained from isochoric tests, according to the procedure
indicated in Section 2.3.1. The end point of the wetting curves at 80‡C is somewhat
lower in terms of water content compared to the end point of the wetting curves
at ambient temperature. This fact is due to the lower gravimetric water storage
capacity at higher temperatures, mainly caused by water dilatation and possibly
due to thermal expansion of entrapped air.

Test results shown in Figure 6 have been ¢tted to a modi¢ed form of the van
Genuchten (1980) expression for water content w as a function of matric suction
s at the observational temperature T (Romero, 1999):

w
wsat

¼ Sr ¼ CðsÞ
1

1 þ ðaTsÞ
n

� �m
; CðsÞ ¼ 1 �

ln 1 þ
s
ar

� �

ln 1 þ
a
ar

� � with 0:1a < ar W a

ð8Þ
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aT ¼ ar
a1 þ b1Tr

a1 þ b1T

� �b1

ð9Þ

Parameters n and m are the same as used in van Genuchten’s (1980) expression. The
parameter aT in Equation (8) is like van Genuchten’s a, and is mainly associated
(inversely) with the air-entry value of the soil. However, aT allows for a temperature
effect as it is associated with the observational temperature T . aT is related to ar (the
value determined at the reference temperature Tr (the ambient temperature))
through Equation (9).

Equation (8), like van Genuchten’s expression, is not adequate to ¢t retention
curve data for high activity clayey soils. For this reason, the equation is modi¢ed
using an expression that is similar to the proposal of Fredlund and Xing (1994).
The objective of this correction is to make the curve tend to a linear relationship
between the logarithm of suction and water content in the high suction zone (the
intra-aggregate zone). However, the physical meaning of the parameters involved
in this correction are different from the proposal of Fredlund and Xing (1994).
Material parameter a represents the intersection with the y-axis of this linear part

Figure 6. Water retention curves for di¡erent temperatures at ¢xed dry unit weights
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of the semi-log plot. This parameter depends mainly on the speci¢c surface (or
alternatively on the liquid limit) of the clay, as suggested by Romero and Vaunat
(2000). On the other hand, ar, is a ¢tting parameter that controls the shape and
slope of the retention curve in the high suction zone (some low-activity soils and
arti¢cially aggregated double-porosity fabrics deviate from a linear relationship).
In clays it is realistic to assume a ¼ ar, so that the correction function is
CðsÞ ¼ 1 � lnð1 þ s=aÞ= lnð2Þ.

For simplicity in the curve-¢tting process, it was assumed that temperature effects
only affect the aT parameter and the water storage capacity wsat. Parameters CðsÞ, n
and m are considered temperature independent.

A non-linear curve-¢tting algorithm using least-squares method was used to
determine parameters n, m, ar and aT for the two soil fabrics and temperatures.
A number of assumptions were made to simplify the ¢tting procedure. Total suctions
c above 3 MPa were considered equivalent to matric suctions s, assuming that the
osmotic suction p does not substantially alter the values: c ¼ sþ p. It should be
noted that an osmotic component of p � 0:4 MPa at 22‡C was measured by Romero
(1999) using the squeezing technique. Therefore, this assumption is reasonable. For
simplicity, a ¼ ar ¼ 300 MPa, according to test results reported by the same author.
In addition, as it is expected that b1 ! 1, it is accurate enough to consider b1 ¼ 1 in
Equation (9). It can be seen in Figure 6 that water storage capacity at the reference
temperature Tr ¼ 295 K (22‡C) is wsat ¼ 32:9% for the low-density fabric and
wsat ¼ 23:9% for the high-density packing. At T ¼ 353 K (80‡C), wsat ¼ 32:2%
for the low-density fabric and wsat ¼ 23:1% for the high-density packing.

Fitting parameters were found to be n ¼ 1:14, m ¼ 0:20 and ar ¼ 21:3 � 0:8
MPa�1 for the low-density packing, and n ¼ 0:75, m ¼ 0:35 and ar ¼ 1:55 � 0:43
MPa�1 for the high-density fabric. Fitted values of aT were 25:0 � 0:7 MPa�1

for the low-density packing and 1:98 � 0:75 MPa�1 for the high-density fabric.
The value of a1 was �608 � 89 K, which was somewhat higher than the
surface-tension prediction. Therefore, the temperature parameter aT should be con-
sidered as an empirical ¢tting parameter. It is clear that the surface tension model
cannot explain the temperature dependence.

In spite of the assumptions involved in the ¢tting process, it can be seen that
Equations (8) and (9) are adequate to ¢t water retention data at different
temperatures over a wide suction range (Figure 6). It is suggested that two regions
can be de¢ned in the retention curves shown in Figure 6, an intra-aggregate porosity
region and an inter-aggregate region, the latter with a water content high enough to
partially ¢ll the inter-aggregation voids. The inter-aggregate region presents a domi-
nant capillary storage mechanism containing bulk water, dependent on void ratio. In
this region, temperature induced changes can be mainly associated with temperature
dependence on interfacial tension and wetting coef¢cient, thermal expansion of
entrapped air, dissolved air release upon heating or interfacial tension change caused
by dilatation of water (Hopmans and Dane, 1986; Nimmo and Miller, 1986;
Mohamed et al., 1992; Grant and Salehzadeh, 1996; Wan, 1996; She and Sleep,
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1998). At low water contents, moisture is contained in the intra-aggregate porosity,
and the in£uence of equilibrated dry unit weights is found to be negligible. The
suction ^ water content relationship is therefore mainly dependent on clay
microstructure and pore £uid chemistry. The intra-aggregate domain, which pre-
sents an adsorption storage mechanism and contains quasi-immobile water, will
be water-saturated in a wetting path before water ¢lls the macropores. Inside
the aggregates, predominant temperature effects are expected to be induced by
thermo-chemical disturbances altering clay fabric and quasi-immobile water, as well
as temperature in£uence on chemical induced water adsorption potential (Zhang et
al., 1993; Almanza et al., 1995). However, little theoretical development of such
mechanisms has been accomplished because of the dif¢culty in contrasting
experimental data on active clays under a wide range of suctions and temperatures.

3.2. WATER PERMEABILITY RESULTS

3.2.1. Temperature effects on water permeability. Interpretation of results
Measured water permeability values are represented in Figure 7 for different degrees
of saturation, void ratios and at two different temperatures (the upper plot
represents data at 22‡C and the lower graph shows data at 80‡C). Data have been
¢tted with curves representing two different void ratios: 0.60 and 0.93. An important
dependence of water permeability on void ratio and degree of saturation is observed.
The effect of temperature, though not so remarkable, appears to be more signi¢cant
at higher degrees of saturation.

In Figure 8, water permeability values have been grouped into different degree of
saturation ranges and plotted versus void ratios for both temperatures (the upper
plot represents data at 22‡C and the lower graph shows data at 80‡C). Temperature
effect is more important under near-saturated conditions with a preponderance
of bulk water, as indicated in the lower graph which has the data for 22‡C
superimposed as dotted lines. The ratio of kw (80‡C)/kw (22‡C) � 1:3 for comparable
void ratio and water contents. On the other hand, below a degree of saturation of
75%, corresponding to the upper limit of the intra-aggregate porosity, no clear
difference in kw is detected. The ratio kw (80‡C)/kw (22‡C) � 1:0:

At Sr � 75 � 5%, the coef¢cient of permeability presents a variation of one order
of magnitude when changing the void ratio from e ¼ 0:90 to 0.60. This variation
is just as important as the change of the degree of saturation from Sr ¼ 72% to
50% for a ¢xed e ¼ 0:93, according to Figure 7.

Temperature effects on water permeability at saturation are usually derived from
viscosity changes under free water considerations. This interpretation can be
extrapolated to unsaturated states at constant void ratio e and water content w,
according to the following expression:

kwðe;w;T Þ

kwðe;w;TrÞ

����
e;w

¼
rwðT ÞmwðTrÞ

rwðTrÞmwðT Þ
� 1 þ bT ðT � TrÞ ð10Þ
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where rw, is the density of water, mw, the absolute viscosity and bT ¼ 0:030 K�1 (for a
reference temperature Tr ¼ 22‡C) an empirical coef¢cient that ¢ts relative viscosity
data over a temperature range of 22‡CWT W 80‡C . The slight increase of
permeability with temperature at Sr ¼ 95 � 5% of kw (80‡C)/kw (22‡C) ¼ 1:3 cannot
be explained in terms of a reduction of free water viscosity in the same interval of
temperature (solid lines at 80‡C and dashed lines at 22‡C in the lower graph of

Figure 7. Water permeability vs. degree of saturation at 22‡C (upper graph) and 80‡C (lower graph)
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Figure 8). Experimental data are associated with bT ¼ 0:005 K�1 at nearly saturated
conditions Sr ¼ 95 � 5%. At lower bulk water contents, in the proximity of the
intra-aggregate zone at Sr ¼ 75 � 5%, experimental results show bT ! 0.

As far as saturated states are concerned, Towhata et al. (1993) studied the effects
of temperature on a kaolinite-clay up to 90‡C using indirect methods. An additional
temperature effect, over that predicted on the basis of free water considerations, was

Figure 8. Water permeability vs. void ratio for constant degrees of saturation at 22�C (upper graph) and
80‡C (lower graph). Data at 22‡C is also superimposed on the lower graph as dotted lines
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observed (an estimated value of bT ¼ 0:042 K�1 was obtained from experimental
data). Permeability measurements up to 120‡C have also been reported on a
saturated montmorillonite by VoIckaert et al. (1996). A value of bT ¼ 0:014
K�1 can be deduced from experimental data analysed up to 120‡C. Khemissa (1998)
reported direct measurements of permeability for a saturated kaolinite-clay up to
130‡C. An estimated bT ¼ 0:010 K�1 was obtained from experimental data up
to 80‡C. Recently, Cho et al. (1999) studied water permeability changes of saturated
bentonites over a temperature range of 20 to 80‡C. A slightly higher value of around
bT ¼ 0:022 K�1 was obtained.

The scarce experimental data available about temperature effects on water
permeability in unsaturated soils have always been limited to low suctions and
temperatures. Experimental results have been reported by Haridasan and Jensen
(1972) on a silty soil up to 35‡C using the pressure plate out£ow method. Somewhat
greater temperature dependence seems to have been observed at higher volumetric
water contents (although this fact has not been stressed by the authors). Hopmans
and Dane (1986) tested a sandy soil using tensiometers up to 45‡C. Lower values
of permeability at high temperatures than those predicted from viscosity changes
can be interpreted, at constant porosity, if the amount of bulk water and the
cross-sectional area, available for water to £ow, decreases. This effect is associated
with aggregate expansion upon heating, which gives rise to smaller inter-aggregate
voids affecting bulk water £ow. Apart from porosity redistribution,
thermo-chemical interactions on soil fabric and pore £uid properties could also
be relevant. Flocculation/dispersion phenomena have been observed when tempera-
ture increases in clays (Almanza et al., 1995). In addition, it seems possible that the
sensitivity of viscosity to temperature is different for intra-aggregate and bulk water.

3.2.2. Relative water permeability
Relative water permeability values kw=kws (unsaturated water permeability to
permeability at saturation) are shown in Figure 9 as a function of the effective
saturation ratio Se and for different constant void ratios e and temperatures T ,
following the expression:

kwðe;w;T Þ

kwsðe;T Þ

����
e;T

¼ Sl
e ; Se ¼

w� wref
e
Gs

� wref

¼

Sr �
Gs � wref

e

1 �
Gs � wref

e

ð11Þ

where l is an empirical constant usually related to pore size distribution. Se can be
evaluated on the basis of water content w or degree of saturation Sr. Subscript
ref refers to a reference water content. In order to avoid a high dependence of l
on void ratio, Romero et al. (1999) normalised Se with respect to the water contained
inside the intra-aggregate porosity. Below a threshold water content of wref ¼ 13%,
the relative water permeability is maintained kw=kws < 0:01 (Romero, 1999). This
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quasi-immobile water content is consistent with the intra-aggregate water content
determined from retention curves presented in Figure 6.

Relative permeability values have been ¢tted to Equation (11). A parameter
l ¼ 2:6 adequately ¢ts experimental data corresponding to the different void ratios
and temperatures. As observed in Figure 9, no important temperature dependence
has been detected for the relative permeability function.

4. Conclusions

As a summary of the experimental technique and equipment used, the tests
performed and the results obtained, the following conclusions may be drawn.
Vapour equilibrium using partially saturated NaCl solutions and axis translation
techniques have demonstrated their applicability for studying the combined effects
of temperature and partial saturation. However, a careful control with auxiliary
devices (vapour traps and diffused air volume indicators) is required to use axis
translation technique at high temperatures. Important problems concerning this
technique refer to the accumulation of diffused air under the HAEV ceramic disc
and uncontrolled evaporative £uxes, which affect the measurement of transient
and steady-state in£ow and out£ow of water.

Figure 9. Relative water permeability values vs. e¡ective saturation ratios for di¡erent void ratios and
temperatures (Romero et al., 1999)
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Experimental results, which are presented for different arti¢cially prepared
unsaturated clay fabrics, offer a consistent pattern of temperature effects on water
retention and water permeability over a wide range of suction and temperature.
In the studied range of the intra-aggregate porosity zone, water retention of the
clay is in£uenced by temperature. Total suction tends to reduce with increasing
temperatures at constant water content. However, the in£uence that temperature
has over water retention cannot only be attributed to temperature dependence
on surface tension. Additional thermal disturbances altering clay fabric and
intra-aggregate £uid chemistry are possible. Wetting retention curves, covering a
wide suction range (from 0.01 to 32 MPa), have been presented for different void
ratios and temperatures. The results indicate a clear delimiting zone separating a
region of intra-aggregate porosity from an inter-aggregate adjoining area. In both
regions, different temperature induced phenomena affecting water retention are
expected.

Temperature in£uence on water permeability is more relevant at low suctions
corresponding to bulk water preponderance (inter-aggregate zone). Below a degree
of saturation of 75% (in the proximity of the intra-aggregate zone) no clear effect
is detected. Experimental data show that temperature dependence at constant degree
of saturation and void ratio is smaller than what could be expected from the thermal
change in water viscosity. Thermo-chemical effects altering clay fabric (£occulation
or dispersion), porosity redistribution (creating preferential pathways or blocking
macropores) and pore £uid chemistry (affecting viscosity) could be relevant. Rela-
tive water permeability values at constant void ratio showed no temperature
dependence.

Finally, on the basis of phenomenological evidence, expressions and material
parameters for retention curves and water permeability functions at different
temperatures have been presented.
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