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Abstract: Several emerging problems in geotechnical and geoenvironmental engineering pose multiphysics problems involving noniso-
thermal processes in unsaturated soils. Properly studying these problems requires the development of models for the soil water retention curve
(SWRC) to describe the constitutive behavior of unsaturated soils under nonisothermal conditions. This study aims to develop analytical
expressions of nonisothermal SWRCs. Closed-from expressions are presented to consider the effects of temperature on adsorption and matric
suction in unsaturated soils. The formulation for the nonisothermal matric suction accounts for the effects of temperature on the surface
tension, soil–water contact angle, and adsorption by the enthalpy of immersion per unit area. The formulations are then used to extend several
existing isothermal SWRCs to nonisothermal conditions. The extended SWRC models are used in a parametric study to examine changes in
adsorbed water, capillary water, and total water content versus matric suction for Ottawa sand and Wyoming bentonite subjected to several
temperatures ranging from 25 to 100°C. The results show that temperature can have significant effects on SWRCs, depending upon the
soil type and range of temperature. Further, the results obtained from the proposed formulations are compared against three independent
laboratory test results and very good agreement is observed with the tests conducted on sand, silt, and clay under different temperatures. The
proposed formulations can be readily incorporated into analytical solutions and numerical simulations of thermo-hydro-mechanical models of
unsaturated soils. The findings of the study can facilitate using numerical models to simulate various nonisothermal applications involving
geo-energy systems and soil-atmospheric interaction problems.DOI: 10.1061/(ASCE)GT.1943-5606.0001939.© 2018 American Society of
Civil Engineers.
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Introduction and Background

The soil water retention curve (SWRC) is a key constitutive rela-
tionship to describe the behavior of unsaturated soils. The SWRC
establishes a relationship between a measure of water content
(commonly represented by volumetric water content or saturation)
and matric suction (i.e., the difference between the pore air pres-
sure and pore water pressure). SWRC can be directly measured in
the laboratory or field. Further, there are several parameterized
models in the literature to represent SWRC (e.g., Brooks and
Corey 1964; van Genuchten 1980; Fredlund and Xing 1994).
These models establish the relationship between water content
and suction using a functional form including a number of fitting
parameters. The level of complexity and the number of fitting
parameters are different among these models. The majority of
the existing SWRC models are developed for isothermal condi-
tions (i.e., no change in temperature or no effect due to temperature

change). However, there are several emerging problems including
climate change, disposal and storage of nuclear waste, radioactive
barriers, buried high voltage cables, ground-source heat pumps for
geothermal heating/cooling systems, soil-borehole thermal energy
storage systems, and thermally active earthen structures, which all
require considering nonisothermal conditions in unsaturated soils
(e.g., Coccia and McCartney 2012; McCartney et al. 2013;
Vahedifard et al. 2015, 2016, 2017; Alsherif and McCartney
2015; Robinson and Vahedifard 2016). Soil temperature in some
of these applications (e.g., disposal and storage of nuclear waste)
may reach to a thermal limit of 100°C (Hicks et al. 2009). Further,
several studies have been conducted to evaluate chemical,
mechanical, and geological alterations in bentonite and clay-rock
formations as a result of hydration and/or heating at high temper-
atures up to 300°C (e.g., Zheng et al. 2015; Ma and Hueckel 1992;
Wersin et al. 2007).

Previous studies have shown that the SWRC is affected by
several factors including, but not limited to, pore size distribu-
tion, chemical composition, temperature, and adsorption capacity
(e.g., Grant and Salehzadeh 1996; Villar and Lloret 2004; Lu
2016). Several researchers have studied the effects of temperature
on the SWRC over the past few decades. Previous studies include
performing experimental tests to examine changes in the SWRC
caused by varying temperature, and extending the existing SWRC
models by including temperature-dependent terms to account for
nonisothermal conditions (e.g., Grant and Salehzadeh 1996;
Schneider and Goss 2011; Bachmann et al. 2002; Wan et al. 2015;
Romero et al. 2001; Salager et al. 2007; Villar and Lloret 2004;
Tang and Cui 2005; Vilar and Gomez-Espina 2007; Uchaipichat
and Khalili 2009; Jacinto et al. 2009; Salager et al. 2010; Zhou
et al. 2014; Roshani and Sedano 2016). Experimental results have
generally shown that an elevated temperature causes a downward
shift in the SWRC shape, leading to a decrease in saturation
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(or volumetric water content) under a constant suction (e.g., Grant
and Salehzadeh 1996). The temperature-dependency of the SWRC
is attributed to temperature-induced changes in the surface tension
of the pore water, soil–water contact angle, soil fabric, water absorp-
tion potential, and pore size distribution (e.g., Grant and Salehzadeh
1996; Romero et al. 2001). However, the extent of temperature ef-
fects varies based upon various parameters including soil type, soil
mineralogy, range of temperature, range of suction, saturation lev-
els, soil confinement, among others (e.g., Romero et al. 2001; Villar
and Lloret 2004; Romero et al. 2003; François and Ettahiri 2012;
Wan et al. 2015).

Mechanisms by which temperature affects the water retention
capacity of a soil vary depending upon the soil’s water content.
For high water contents, the interaggregate porosity containing
the bulk water or free water presents the capillary storage mecha-
nism. In this region, capillary effects dominate the water retention
capacity and elevated temperatures can lead to reduced surface
tension, expansion of trapped air bubbles, isolated water packets,
and changes in the quantity of solute (Schneider and Goss 2011;
Romero et al. 2001, 2003). For low water contents, however,
several of the aforementioned effects of temperature are no longer
applicable. This is because the pores are no longer filled with
water in dry conditions and the binding of the water is not domi-
nated by capillary forces but rather by adsorptive forces. In this
region, intra-aggregate porosity controls the retention capacity
through the adsorption storage mechanism and contains quasi-
immobile water. For clays with low water contents, the main
temperature effects on the water retention capacity are due to
thermo-chemical changes affecting clay fabric and quasi-
immobile water as well as the chemically-induced water adsorp-
tion potential (Romero et al. 2001; Villar and Lloret 2004; Villar
et al. 2005).

Although a number of attempts have been made to incorporate
the effects of temperature into SWRC models, several gaps remain
to be filled. The majority of existing nonisothermal SWRC models
only consider the interfacial surface tension as the sole temperature-
dependent variable and ignore the effects of temperature on other
parameters (e.g., Philip and de Vries 1957; Salager et al. 2007;
Zhou et al. 2014; Wan et al. 2015; Roshani and Sedano 2016).
Experimental tests, however, show that considering the surface ten-
sion as the only temperature-dependent component is not sufficient
to explain the effects of temperature on the SWRC (Bachmann et al.
2002). Temperature effects on other parameters such as the contact
angle and adsorption (e.g., Bachmann et al. 2002; Schneider and
Goss 2011; Grant and Salehzadeh 1996) have been studied. How-
ever, there is still a need for developing nonisothermal SWRC
models, which properly account for the effects of temperature on
most, if not all, of influential factors.

This study presents analytical expressions to consider the
effects of temperature on two main storage mechanisms
(i.e., adsorption and capillarity) in unsaturated soils. The formu-
lation for the matric suction, representing capillary pressure in
unsaturated soils, accounts for the effects of temperature on sur-
face tension, contact angle, and adsorption by the enthalpy of im-
mersion per unit area. The formulations are then used to extend
several existing isothermal SWRCs to nonisothermal conditions.
The extended SWRC models are used in a parametric study to
examine changes in adsorbed water, capillary water, and total
water content versus matric suction for Ottawa sand and Wyoming
bentonite subjected to several temperatures ranging from 25 to
100°C. Further, the results from the proposed formulations are
compared against independent experimental test results reported
in the literature.

Water Retention Mechanisms: Adsorbed and
Capillary Water

Incorporating the impacts of temperature into SWRC models war-
rants studying the effects of temperature on different water retention
mechanisms in soil. The total retained water in soil can be defined as
the summation of adsorbed and capillary waters (e.g., Romero et al.
2001; Revil and Lu 2013; Lu 2016):

θ ¼ θa þ θc ð1Þ

where θ = total water content retained in soil; θa = adsorbed water;
and θc = capillary water. The adsorbed water can be in the form of
hygroscopic or hydration water forming a bounded thin liquid film
of water around the surface of the particles. The capillary water is
free or bulk water retained in pore corners behind curved interfaces
(Revil and Lu 2013; Lu 2016).

The total amount of adsorbed water is typically small compared
with the volumetric contribution of capillary water, and its contri-
bution is important for processes such as microbial activity, plant
water uptake, and evaporation in dry environments (e.g., Lu 2016).
Adsorption of water on soil particles is the dominant water storage
mechanism at high suctions (McQueen and Miller 1974) and is
mainly due to van der Waals forces that enable the formation
of liquid films around soil particles (Mitchell and Soga 2005).
Adsorbed water is strictly linked to the soil specific surface area
and is important in determining processes related to contaminant
adsorption, ion exchange reactions, microbial attachment to solid
particles, and heat transfer. Khorshidi et al. (2016) identified three
types of adsorption that occur in clay and silt, each with different
physical origins and operating ranges: cation hydration, inner sur-
face hydration, and particle surface hydration. In the cation hydra-
tion range, the water is strongly bonded to the exchangeable cations
and the water retention regime is considered tightly adsorbed
(Khorshidi et al. 2016). Several models have been proposed for
the SWRC and hydraulic conductivity function that take into ac-
count the adsorption under isothermal conditions (e.g., Tuller and
Or 2005b; LeBeau and Konrad 2010; Revil and Lu 2013).

Tuller et al. (1999) used a modified form of the Young–Laplace
equation that considers capillary and adsorptive contributions to the
matric potential to calculate liquid–vapor interfaces within a cross
section of their angular pore model. When studying the capillary
contribution, it is important to consider the adsorption by surface
enthalpy, which is referred to as the enthalpy required to create a
unit area of surface. Tuller et al. (1999) used a unit cell concept,
shown in Fig. 1, to illustrate the liquid–vapor interface transitioning
from adsorption to capillary-dominated imbibition. Tuller et al.
(1999) used the unit cell concept to propose a new model for pore
space geometry, with an attempt to properly capture both adsorp-
tion processes in an internal surface area and capillary behavior in

Fig. 1. Conceptual sketch of liquid–vapor interface transitioning from
adsorption to capillary-dominated imbibition: (a) low matric potentials
where liquid films adsorbed on pore and slit walls and liquid held in
corners due to capillary forces; (b) capillary condensation; (c) pore snap
off; and (d) complete saturation. (Modified from Tuller and Or 2005a.)
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angular pore spaces. The potential of accommodating adsorptive
surface forces leads to a more accurate derivation of the SWRC for
porous media with high specific surface areas (i.e., clay) under dry
conditions. In the following sections, closed-form expressions are
presented to account for the effects of temperature on various com-
ponents contributing to the adsorbed and capillary water.

Temperature Effects on Soil Water Retention Curve

Temperature Effects on Adsorbed Water

The Freundlich model (Ponec et al. 1974; Jeppu and Clement 2012)
can be used to describe the amount of adsorbate (liquid) on a flat
adsorbent (solid) in thermodynamic energy equilibrium with the
ambient adsorbate (in vapor phase) as follows:

θa ¼ θmax
a ðRHÞ1=M ð2Þ

where θmax
a = adsorption capacity; RH = relative humidity; andM =

adsorption strength, a fitting parameter primarily controlled by
mineral type and quantity. By imposing a form of the Kelvin–
Laplace equation, Revil and Lu (2013) rewrote Eq. (2) as follows:

θa ¼ θmax
a

�
exp

�
−Mwψ

RT

��
1=M

ð3Þ

where Mw ¼ 1.8 × 10−5 m3 mol−1 and is the molar volume of
water; R ¼ 8.314 Jmol−1 K−1 = universal gas constant; ψ = matric
suction in Pa, representing capillary pressure in unsaturated soils;
and T = temperature in Kelvin.

Several studies have found that the adsorbed water may degen-
erate to capillary water at very high temperatures (e.g., Powers
1967; Derjaguin et al. 1986; Ma and Hueckel 1992). Derjaguin et al.
(1986) reported that this phenomenon can start happening at a
temperature of about 70°C.

Temperature Effects on Capillary Water

Matric suction can be described using the Young–Laplace equation
(Young 1805; Lu and Likos 2004):

ψ ¼ ua − uw ¼ 2σ cosα
r

ð4Þ

where ua = pore–air pressure (conventionally referenced as zero for
surface and near surface applications by measuring all pressure
terms relative to the atmospheric pressure); α = soil–water contact
angle of the fluid–fluid interface with the solid; uw = pore–water
pressure; r = pore size (the average radius of the water-air inter-
face); and σ = water–air surface tension. The partial derivative
of ψ with respect to temperature can be written as (Bachmann et al.
2002):

∂ψ
∂T ¼ ψ

σ
∂σ
∂T þ ψ

cosα
∂ðcosαÞ

∂T ð5Þ

Philip and de Vries (1957), and several others (e.g., Imbert et al.
2005; Salager et al. 2007; Uchaipichat and Khalili 2009; Zhou et al.
2014; Wan et al. 2015; Roshani and Sedano 2016), ignored the
second term in the right-hand side of Eq. (5) assuming that α is
independent of temperature, although a study by Bachmann et al.
(2002) demonstrated that the contact angle does depend on temper-
ature. In the current study, we incorporate the effect of temperature
on the contact angle, as explained in the following section.

Water–Air Surface Tension
The effect of temperature on the water–air surface tension can be
described using a linear function as (Haar et al. 1984; Dorsey 1940)

σ ¼ a 0 þ bT ð6Þ

where a 0 and b = fitting parameters. Using regression analysis
through the reference interfacial tension data, Haar et al. (1984)
and Dorsey (1940) proposed the following estimations for a 0 and
b coefficients

a 0 ¼ 0.11766� 0.00045 Nm−1

b ¼ −0.0001535� 0.0000015 Nm−1 K−1 ð7Þ

Fig. 2 shows the variation of surface tension with temperature
for pure water using Eq. (6) in the range of temperature from 263
to 353 K.

Soil–Water Contact Angle
Grant and Salehzadeh (1996) showed that by considering a
temperature-dependent contact angle, the temperature derivative of
the wetting coefficient, cosα, can be expressed in terms of inde-
pendently measurable physical–chemical quantities as follows:

d cosα
dT

¼ 1

σ

�
σ cosαþΔh

T
− cosα

dσ
dT

�
ð8Þ

where Δh = enthalpy of immersion per unit area. The enthalpy can
be determined by experimental measurements or by using the dif-
ferential enthalpy of adsorption of the vapor (Everett 1972). In
the current study, the following equation is used to model the en-
thalpy reduction by increasing the temperature (Watson 1943):

Δh ¼ ΔhðTrÞ

�
1 − Tr

1 − T

�
0.38

ð9Þ

where ΔhðTrÞ = enthalpy of immersion per unit area at a reference
temperature Tr. Per Harkins and Jura (1944), ΔhTr

can be deter-
mined using the water–air surface tension and the wetting coeffi-
cient at Tr. The solution of Eq. (8) allows the calculation of the
wetting coefficient, cosα, as a function of temperature. By sub-
stituting Eq. (6) into Eq. (8), a general form can be obtained as
follows:
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Fig. 2. Variation of surface tension with temperature for pure water.
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ða 0T þ bT2Þ d cosα
dT

− a 0 cosα ¼ Δh ð10Þ

Solving Eq. (10) for cosα yields the temperature-dependent
form of the contact angle as follows:

cosα ¼ −Δhþ TC1

a 0 þ bT
ð11Þ

where C1 = constant, which can be determined as (Grant and
Salehzadeh 1996)

C1 ¼
ΔhTr

þ a 0ðcosαÞTr
þ bðcosαÞTr

Tr

Tr
ð12Þ

To better illustrate the effects of temperature on contact angle,
Fig. 3 depicts matric suction versus pore size at different temper-
atures ranging from 25 to 100°C for two cases: (1) temperature-
independent contact angle (black solid lines), generated by
substituting Eqs. (6) and (7) into Eq. (4); and (2) temperature-
dependent contact angle (red dashed lines), generated by imple-
menting Eqs. (6), (7), (9), (11), and (12) into Eq. (4). For plotting
the temperature-dependent contact angle results, ΔhðTrÞ is as-
sumed to be −0.516 J=m2, which is reported for silt by Grant and
Salehzadeh (1996). The results are shown for a wide range of pore
size representing various soil types. For example, Nimmo (2004)
reports the following typical r values for different soils: very

coarse sand, 1.5 mm; coarse sand, 0.75 mm; fine sand, 0.175 mm;
very fine sand, 0.075 mm; silt, 0.02 mm; and clay, 0.0015 mm.

As shown in Fig. 3 using the black solid lines, changes in matric
suction for the temperature-independent contact angle are not sig-
nificant. For example, for r ¼ 0.6 mm the matric suction decreases
as much as 12% by increasing temperature from 25 to 100°C. How-
ever, using the temperature-dependent contact angle can lead to
significantly larger reductions in matric suction by increasing tem-
perature. For r ¼ 0.6 mm, the matric suction decreases approxi-
mately by 40, 47, 63, and 82% by increasing the temperature from
25 to 40, 60, 80, and 100°C, respectively. Comparison between the
results from the two cases examined demonstrates that accounting
for the effects of temperature only on surface tension is not enough
to evaluate the SWRC under nonisothermal conditions. The results
highlight the importance of considering a temperature-dependent
contact angle for multiphysics numerical simulations involving non-
isothermal processes in unsaturated soils. This aspect is commonly
overlooked in the majority of previous nonisothermal simulations.

Temperature-Dependent Function for Matric Suction
If the wetting coefficient and the surface tension are considered as
functions of temperature, Grant and Salehzadeh (1996) showed that
Eq. (5) could be rewritten as

ψ�∂ψ
∂T
� ¼ βðTÞ þ T ð13Þ

where βðTÞ ¼ −Δh
C1

. By separation of variables and integration,
Eq. (13) leads to the following closed-form expression for noniso-
thermal matric suction that can be incorporated into any SWRC
model:

ψ ¼ ψTr

�
β þ T

βTr
þ Tr

�
ð14Þ

where ψTr
= matric suction at the reference temperature.

Nonisothermal Extension of SWRC Models

The proposed formulations for the temperature-dependent adsorbed
water [Eq. (5)] and the temperature-dependent matric suction
[Eq. (14)] can be readily incorporated into existing isothermal
SWRCs to extend them to nonisothermal conditions. The following
sections demonstrate the extension of three widely used SWRC
models originally developed by Brooks and Corey (1964) (referred
to as BC), van Genuchten (1980) (referred to as VG), and Fredlund
and Xing (1994) (referred to as FX) to nonisothermal conditions.
Further discussion about the characteristics of each of the original
models, including their advantages and limitations, can be found in
the literature (e.g., Fredlund et al. 2011).

Pore Size (mm)
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Temperature-independent contact angle
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o C (313 K)

T = 60
o C (333 K)

T = 80
o C (353 K)

T = 100
o C (373 K)

Fig. 3. Relationship between matric suction and pore size for
temperature-independent and temperature-dependent contact angles at
various temperatures.

Table 1. Parameters for nonisothermal extension of SWRC models

Soil

General parameters Model-specific parameters

θs θr ΔhðTrÞ (J=m
2) Tr (K) M

Brooks and Corey
(1964)

van Genuchten
(1980)

Fredlund and Xing
(1994)

Ottawa sand 0.4 0.017 −0.285 298 0.789 λ ¼ 1.7341 mVG ¼ 0.789 mFX ¼ 1.551
pb ¼ 2.5107 kPa nVG ¼ 4.504 nFX ¼ 4.692

αVG ¼ 0.282 kPa−1 aFX ¼ 3.33 kPa

Wyoming bentonite 0.7 0.217 −0.516 298 0.047 λ ¼ 0.46161 mVG ¼ 0.047 mFX ¼ 0.634
pb ¼ 591.72 kPa nVG ¼ 9.667 nFX ¼ 0.976

αVG ¼ 0.002 kPa−1 aFX ¼ 200 kPa

© ASCE 04018061-4 J. Geotech. Geoenviron. Eng.

 J. Geotech. Geoenviron. Eng., 2018, 144(9): 04018061 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

M
is

si
ss

ip
pi

 S
ta

te
 U

ni
v 

Li
b 

on
 0

7/
02

/1
8.

 C
op

yr
ig

ht
 A

SC
E.

 F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
rig

ht
s r

es
er

ve
d.



The three SWRC models examined in this study, as well as the
majority of other existing SWRC models in the literature, are em-
pirical, primarily relying upon fitting parameters to simulate the
measured SWRC data. Some of these fitting parameters (e.g., air-
entry suction, pore-size distribution) can be evidently attributed to
their pertinent physical interpretations. However, some other fitting
parameters (e.g., residual water content, and residual suction) are not
clearly defined and physically interpreted (Lu 2016). In this study,
the residual water content is considered to correspond to the ad-
sorbed water, as suggested by Revil and Lu (2013). The latter con-
sideration allows to distinctly determine the adsorption water and
capillary water, which are not explicitly distinguished in the original
SWRC models used in the current study.

The extended SWRC models are used to show adsorbed water,
capillary water, and total water content versus matric suction for
Ottawa sand and Wyoming bentonite subjected to several temper-
atures ranging from 25 to 100°C. These temperatures and soil types
are selected to illustrate the impact of temperature on the SWRC for
a wide range of suction and applications. The upper limit of 100°C
is chosen because this temperature is imposed unanimously in the
majority of nuclear waste disposal design methods (Hicks et al.
2009). Table 1 shows the parameters that are used for nonisother-
mal extension of the SWRC models in the rest of this section. Ex-
cept for the termΔhðTrÞ, which is taken from Grant and Salehzadeh
(1996), the rest of the parameters for the VG and FX models are
obtained from those reported in Lu (2016) and the BC model
parameters are obtained using the nonlinear fitting program by Seki
(2007). Following Revil and Lu (2013), the adsorption strength,M,
for each model/soil is estimated to be equal to the shape fitting
parameter for the SWRC of VG model.

Brooks and Corey

For suctions greater than the air-entry suction, Brooks and Corey
(1964) presented the following SWRC:

θ ¼ θr þ ðθs − θrÞ
�
pb

ψ

�
λ

ð15Þ

where θs = saturated water content; θr = residual water content;
pb = bubbling pressure in kPa; and λ = pore size distribution index.
We extend the BC model to nonisothermal conditions by replacing
the residual water content with the adsorbed water [Eq. (3)] and
using the temperature-dependent matric suction [Eq. (14)]. Conse-
quently, the nonisothermal SWRC of Brooks and Corey (1964) can
be written as follows:

θ ¼ θa þ ðθs − θaÞ
�
pb

ψTr

�
λ

ð16Þ

The full expression of the nonisothermal SWRC of the BCmodel
can be written as

θ ¼ θmax
a

�
exp

�
−Mwψ

RT

��
1=M

þ
�
θs − θmax

a

�
exp

�
−Mwψ

RT

��
1=M

	2
64 pb

ψ


βTrþTr

βþT

�
3
75
λ

ð17Þ

To illustrate the performance of the new BC model, Figs. 4 and 5
show the temperature effects on SWRCs for Ottawa sand and
Wyoming bentonite, respectively. For Ottawa sand, Figs. 4(a–c)
illustrate the changes in the adsorbed, capillary, and total water con-
tents at different temperatures (25–100°C), respectively. The matric
suction primarily varies between 0 and 10 kPa, a low matric suction

range where the capillary water dominates and the adsorbed water
contribution is minimal. To better understand the effects of temper-
ature, we further examine the changes in each water component by
temperature at the matric suction of 5 kPa. As shown in Fig. 4(b),
the capillary water decreases approximately by 16, 50, 68 and 84%,
[Fig. 4(b)] by increasing the temperature from 25 to 40, 60, 80, and
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Fig. 4. Nonisothermal extension of the Brooks and Corey (1964)
SWRC for Ottawa sand at different temperatures: (a) adsorbed water;
(b) capillary water; and (c) total water content.
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100°C, respectively, due to changes in surface tension and enthalpy.
However, the maximum reduction in the adsorbed water [Fig. 4(a)]
is less than 1% when increasing the temperature from 25 to 100°C.
Consequently, the reduction in the total water content [Fig. 4(c)] is
primarily dominated by the changes in the capillary water.

For Wyoming bentonite, Fig. 5 reveals that both the capillary
water and the adsorbed water have considerable contributions to the
total water content. Further, the results demonstrate the significant
impact of temperature on capillary and the adsorbed waters. For
example, at matric suction of 1,500 kPa, the reduction in the capil-
lary water [Fig. 5(b)] between the room temperature (25°C) and at
40, 60, 80, and 100°C is approximately 11, 19, 26 and 39%, respec-
tively. The reduction in the adsorbed water [Fig. 5(a)] between the
room temperature (25°C) and at 40, 60, 80, and 100°C is approx-
imately 6, 12, 18 and 37%, respectively. The effects of temperature
increases as the matric suction increases because the adsorption
dominates at higher suctions. The results of both soils suggest that
increases in temperature lead to smaller air-entry matric suctions.
This observation can assist for more realistic simulations of non-
isothermal problems in unsaturated soils.

van Genuchten

The van Genuchten (1980) equation is one of the most commonly
used SWRC models. The VG model can be written as

θ ¼ θr þ ðθs − θrÞ½1þ ðαVGψÞnVG �−mVG ð18Þ

where αVG = fitting parameter inversely related to the air-entry suc-
tion (1=kPa); nVG = pore-size distribution fitting parameter; and
mVG = fitting parameter representing the overall geometry of the
SWRC. Similar to the aforementioned procedure used for the BC
model, a new model for the nonisothermal version of the VGmodel
can be written as follows:

θ ¼ θr þ ðθs − θrÞ½1þ ðαVGψTr
ÞnVG �−mVG ð19Þ

The full expression of nonisothermal version of the SWRC of
the VG model is

θ ¼ θmax
a

�
exp

�
−Mwψ

RT

��
1=M

þ
�
θs − θmax

a

�
exp

�
−Mwψ

RT

��
1=M

	

×

�
1þ

�
αVGψ

�
βTr

þ Tr

β þ T

��
nVG

	−mVG ð20Þ

Figs. 6 and 7 show the temperature effects on the VG model for
Ottawa sand and Wyoming bentonite, respectively. The SWRCs
sensitivity to temperature shows a similar trend that presented in
Figs. 4 and 5. For Ottawa sand, at the matric suction of 5 kPa, the
capillary water decreases approximately by 27, 74, 90, and 97% by
increasing the temperature from 25 to 40, 60, 80, and 100°C,
respectively. The reduction in the adsorbed water is identical to the
BC model.

For Wyoming bentonite, at matric suction of 1,500 kPa, the re-
duction in the capillary water [Fig. 7(b)] between the room temper-
ature (25°C) and at 40, 60, 80, and 100°C is approximately 11, 19,
26, and 38%, respectively. The reduction in the adsorbed water
[Fig. 7(a)] between the room temperature (25°C) and at 40, 60,
80, and 100°C is approximately 6, 12, 18, and 37%, respectively.
It is noted that the effect of temperature on the SWRC is more
pronounced in the extended VGmodel compared to the nonisother-
mal BC model, leading to sharper reductions in water content by
increasing temperature.
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Fig. 5. Nonisothermal extension of the Brooks and Corey (1964)
SWRC for Wyoming bentonite at different temperatures: (a) adsorbed
water; (b) capillary water; and (c) total water content.
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Fredlund and Xing

Fredlund and Xing (1994) proposed a SWRCmodel that provides a
steady and continuous function, which is valid for a wider range of
suction compared to the two previously mentioned SWRC models
(e.g., Leong and Rahardjo 1997; Stormont and Anderson 1999;
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Fig. 6. Nonisothermal extension of the van Genuchten (1980) SWRC
for Ottawa sand at different temperatures: (a) adsorbed water; (b) capil-
lary water; and (c) total water content.
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Fig. 7. Nonisothermal extension of the van Genuchten (1980) SWRC
for Wyoming bentonite at different temperatures: (a) adsorbed water;
(b) capillary water; and (c) total water content.

© ASCE 04018061-7 J. Geotech. Geoenviron. Eng.

 J. Geotech. Geoenviron. Eng., 2018, 144(9): 04018061 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

M
is

si
ss

ip
pi

 S
ta

te
 U

ni
v 

Li
b 

on
 0

7/
02

/1
8.

 C
op

yr
ig

ht
 A

SC
E.

 F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
rig

ht
s r

es
er

ve
d.



Fredlund et al. 2011; Gerscovich and Sayao 2002). In this study,
the FX model with correction factor, CðψÞ, is used for extension
to nonisothermal conditions. The correction factor extends the
range of suctions beyond the residual suction to completely dry
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Fig. 8. Nonisothermal extension of the Fredlund and Xing (1994)
SWRC for Ottawa sand at different temperatures: (a) adsorbed water;
(b) capillary water; and (c) total water content.
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Fig. 9. Nonisothermal extension of the Fredlund and Xing (1994)
SWRC for Wyoming bentonite at different temperatures: (a) adsorbed
water; (b) capillary water; and (c) total water content.
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conditions. The isothermal FX model with the correction factor
can be written as

θ ¼ θr þ ðθs − θrÞCðψÞ
�
ln

�
eþ

�
ψ
aFX

�
nFX

�	−mFX ð21Þ

and the correction factor is defined as

CðψÞ ¼ 1 −
ln


1þ ψ

ψr

�
ln


1þ ψmax

ψr

� ð22Þ

where ψr = matric suction corresponding to the residual water con-
tent commonly set to be 1,500 kPa; ψmax = highest matric suction
(kPa) corresponding to zero water content, commonly set to be
106 kPa; nFX = fitting parameter related to pore size distribution;
mFX = fitting parameter controlling the overall geometry of the
SWRC; and aFX = fitting parameter related to the air-entry suction.
Similar to the procedures explained previously, the nonisothermal
version of the FX model is written

θ¼θrþðθs−θaÞ
�
1−

ln


1þψTr

ψr

�
ln


1þψmax

ψr

���ln

�
eþ

�
ψTr

aFX

�
nFX

�	−mFX

ð23Þ

The full expression of the nonisothermal FX model can be
written

θ¼ θmax
a

�
exp

�
−Mwψ

RT

��
1=M

þ
�
θs − θmax

a

�
exp

�
−Mwψ

RT

��
1=M

	

×

8>>><
>>>:
1−

ln

�
1þ ψ

�
βTrþTr
βþT

�
ψr

�

ln


1þ ψmax

ψr

�
9>>>=
>>>;
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>:ln

2
64eþ

0
@ψ



βTrþTr

βþT

�
aFX

1
AnFX

3
75
9>=
>;
−mFX

ð24Þ

Figs. 8 and 9 show the temperature effects on the FX model for
Ottawa sand andWyoming bentonite, respectively. The SWRC sen-
sitivity to temperature shows a similar trend to that presented in
Figs. 6 and 7. For Ottawa sand, we further examine the changes
in each water component at the matric suction of 5 kPa. As shown
in Fig. 8(b), the capillary water decreases approximately by 19, 55,
70, and 81% by increasing the temperature from 25 to 40, 60, 80,
and 100°C, respectively. The reduction in adsorbed water is neg-
ligible likewise the BC and VG models. For Wyoming bentonite,
at matric suction of 1,500 kPa, the reduction in the total water con-
tent [Fig. 9(c)] between the room temperature (25°C) and at 40, 60,
80, and 100°C is approximately 6, 11, 16, and 25%, respectively.

Comparison to Experimental Test Results

The proposed nonisothermal extension of the FX model is com-
pared against three independent sets of experimental test results
reported in the literature for clay (Wan et al. 2015), sand (Roshani
and Sedano 2016), and silt (Uchaipichat and Khalili 2009). Similar
comparisons for the other proposed nonisothermal SWRC models
can be performed upon availability of all the required input param-
eters. The accuracy of the nonisothermal SWRC model is evaluated
by the root-mean square error (RMSE) between the predicted and
measured water contents using

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP ðθmeasured − θpredictedÞ2

N

s
ð25Þ

where θmeasured = measured (volumetric) total water content from
experiment; θpredicted = predicted (volumetric) total water content
from the nonisothermal SWRC; and N = number of measured data
points. Table 2 shows the fitting parameters used for the proposed
FX model for the soils that are examined. All of the experimental
test results used for comparison purposes only report capillary
water at various temperatures. Consequently, the contribution of the
adsorbed water is not included in the calculation of the total water
content in the following sections (i.e., θa ¼ 0).

Comparison for Clay

Wan et al. (2015) performed a set of SWRC tests on GMZ01 ben-
tonite samples at temperatures of 20°C (293 K), 40°C (313 K), and
60°C (333 K). For controlling suction at a given temperature, Wan
et al. (2015) used two techniques: (1) vapor equilibrium technique
(controlling total suction), which is based on the use of polyethyl-
ene glycol solutions, and (2) osmotic technique (controlling matric
suction), which is based on the use of salt solutions (e.g., LiCl2,
MgCl2, NaCl, KCl). They used the osmotic technique and vapor
equilibrium technique for low matric suctions (<1.5 MPa) and

Table 2. Model parameters for the proposed nonisothermal extension of the Fredlund and Xing (1994) SWRC

Type of soil

Parameters

θs nFX mFX aFX (kPa) ψr (MPa) ΔhðTrÞ (J=m
2) Tr (K)

GMZ01 bentonite 0.67 0.8086 0.5864 8.0 × 103 309 −0.516 293
Superfine sand 0.39 6.615 0.8488 4.6 3.0 −0.285 293
Bourke silt 0.55 1.393 0.9814 55 1.5 −0.516 298

Table 3. Properties of GMZ01 bentonite

Soil property Description

Specific gravity of soil
grain

2.66

Dry density (g=cm3) 1.7
pH 8.68–9.86
Liquid limit (%) 276
Plastic limit (%) 37
Total specific surface
area (m2 g−1)

570

Cation exchange
capacity (mmol g−1)

0.7730

Main exchanges
cation (mmol g−1)

Naþ (0.433 6), Ca2þ (0.291 4),
Mg2þ (0.123 3), Kþ (0.025 1)

Main minerals Montmorillonite (75.4%), quartz (11.7%),
feldspar (4.3%), cristobalite (7.3%)

Source: Data from Ye et al. (2012).
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higher suctions (>1.5 MPa), respectively. Table 3 shows the prop-
erties of GMZ01 bentonite (Ye et al. 2012).

Fig. 10 compares the measured values versus predictions of
the proposed FX model at 20°C (293 K), 40°C (313 K), and
60°C (333 K). The results are also compared against the predicted
SWRC by Wan et al. (2015). The comparison shows that the re-
sults obtained from the proposed FX model are in closer agree-
ment with the experimental results. As expected, at the same
matric suction level, the water content decreases with increase in
temperature. The temperature effect is insignificant at low suc-
tions but the effect becomes more pronounced as the suction in-
creases because the adsorption dominates at higher suctions. At
temperatures of 20°C (293 K), 40°C (313 K), and 60°C (333 K),
the RMSE values for the predicted SWRC byWan et al. (2015) are
calculated as 1.3, 1.6, and 1.5% respectively. For the extended
FX model, the calculated RMSE values are 1.1, 0.7 and 0.9%,
respectively.

The main differences between the proposed nonisothermal FX
model and the nonisothermal SWRC model of Wan et al. (2015)
are: (1) Wan et al. (2015) assumed that the surface tension is the
only temperature-dependent parameter and derived the expression
by modifying the a parameter with respect to temperature in the
FX model; and (2) in the current study, the SWRC model is derived
by considering the influence of temperature on adsorption, contact
angle and surface tension.

Comparisons for Sand

The proposed nonisothermal FX model is compared against the
SWRC experimental test results reported by Roshani and Sedano
(2016). The tests are conducted on superfine sand (finer than #35
mesh, 0.5 mm) at temperatures of 4°C (277 K), 20°C (293 K), and
49°C (322 K). For controlling the suction at a given temperature,
Roshani and Sedano (2016) used the axis translation technique with
Tempe cell. Table 4 shows the properties of superfine sand tested by
Roshani and Sedano (2016).

Fig. 11 compares the SWRC obtained from the proposed FX
model against measured and predicted SWRCs by Roshani and
Sedano (2016) at various temperatures. As can be seen in Fig. 11,
the results obtained from the proposed FX model are in closer
agreement with the experimental data than the Roshani and Sedano
(2016) model. For the Roshani and Sedano model (2016), the
RMSE values are calculated to be 8.85, 6.82, and 5.33% at 4°C
(277 K), 20°C (293 K), and 49°C (322 K), respectively, whereas
for the proposed extended FX model, the calculated RMSE values
are 4.7, 2.5, and 3.0%, respectively. Overall, the proposed model
shows good agreement with the measured data at both lower and
higher suction ranges.

The proposed model predicts better than the Roshani and Sedano
(2016) model in low suctions, where the capillary water controls
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Fig. 10. Predicated and measured SWRCs for GMZ01 bentonite:
(a) at T ¼ 20°C (293 K); (b) at T ¼ 40°C (313 K); (c) at T ¼ 60°C
(333 K).

Table 4. Properties of super fine sand

Soil property Description

Specific gravity (Gs) 2.65
Optimum moisture content (%) 14.6
Maximum dry unit weight (kN=m3) 16.8
Void ratio (e) 0.63
D60 (mm) 0.22
D30 (mm) 0.18
D10 (mm) 0.12
Coefficient of uniformity, Cu 1.83
Coefficient of curvature, Cc 1.23

Source: Data from Roshani and Sedano (2016).
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changes in the water content. However, as illustrated in Fig. 11, both
models predict nearly the same at high suctions. The differences in
the models at low suctions can be explained by the fact that by in-
creasing the temperature the pores are almost in the dry state, and
the binding of the water is not caused by capillary forces but by
adsorptive forces. Hence, the temperature-dependency of enthalpy
has more significance, which is only incorporated in the pro-
posed model.

Comparison for Silt

Uchaipichat and Khalili (2009) performed a set of SWRC tests on
silt specimens by using a modified Bishop–Wesley triaxial cell and
used the axis translation technique for controlling the suction at
temperatures of 25°C (298 K), 40°C (313 K), and 60°C (333 K).
The tests were performed on silt obtained from the Bourke region
of New South Wales, Australia. Table 5 shows the properties of
Bourke silt tested by Uchaipichat and Khalili (2009).

Fig. 12 compares the predictions of the extended FX model at
temperatures of 25°C (298 K), 40°C (313 K), and 60°C (333 K)
with the measured SWRC by Uchaipichat and Khalili (2009). The
results obtained from the proposed model are in very good agree-
ment with the experimental results. Unlike many of the existing
nonisothermal SWRC models, the proposed model captures the de-
crease in the adsorbed water with temperature, which is observed in
the experimental data. At temperatures of 25°C (298 K), 40°C
(313 K), and 60°C (333 K), the RMSE values for the proposed
FX model are 1.0, 1.1, and 1.1%, respectively.

Conclusions

Several emerging issues and applications in geotechnical and
geoenvironmental engineering necessitate the knowledge of non-
isothermal behavior of unsaturated soils. A key constitutive rela-
tionship for this purpose is the nonisothermal soil water retention
curve (SWRC). In this study, the effects of temperature were in-
corporated into the SWRC by considering thermal effects on the
adsorbed water, the contact angle, and the surface tension of water.
Previous nonisothermal SWRC models do not consider all these
effects together and commonly fail to account for the effect of tem-
perature in the adsorption regime, which can be significant at
higher matric suctions. This paper presented analytical formula-
tions for temperature-dependent adsorbed water and matric suction
developed based upon fundamental physics of adsorption and
wettability. The proposed formulations were then used to extend
three isothermal SWRC models of Brooks and Corey (1964), van
Genuchten (1980), and Fredlund and Xing (1994) to nonisother-
mal conditions.

The proposed formulations can be readily incorporated into
analytical solutions and numerical simulations of thermo-hydro-
mechanical processes in unsaturated soils. The effects of temper-
ature vary based upon various parameters including soil type, soil
mineralogy, range of temperature, range of suction, saturation
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Fig. 11. Predicated and measured SWRCs for super fine sand:
(a) at T ¼ 4°C (277 K); (b) at T ¼ 20°C (293 K); and (c) at T ¼
49°C (322 K).

Table 5. Properties of Bourke silt

Soil property Description

Liquid limit (%) 20.5
Plastic limit (%) 14.5
Specific gravity 2.65
Maximum dry unit weight (kN=m3) 18.8
Optimum moisture content (%) 12.5

Source: Data from Uchaipichat and Khalili (2009).
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levels, soil confinement, among others. The current study showed
that, temperature effects on the SWRCs can be significant, par-
ticularly for fine-grained soils subjected to high temperatures
(e.g., >60°C). Several nonisothermal applications, such as nuclear
waste disposal, radioactive barriers, and buried high-voltage ca-
bles, can present temperatures as high as 100°C or even more.
Considering a nonisothermal SWRC is prudent for such high tem-
peratures, further highlighting the applied character of this study.
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Fig. 12. Predicated and measured SWRCs for Bourke silt: (a) at
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