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Abstract: The thermal conductivity function (TCF) is an important constitutive function establishing the thermal conductivity—water content
relationship in unsaturated soils. The existing TCFs do not account for the effects of confining pressure, nor do they consider thermal induced
changes in pore structure and degree of saturation. This study presents a general TCF by considering the temperature effects on pore structure,
degree of saturation, different heat transfer mechanisms (i.e., conduction, convection, and latent heat of vaporization), and the confining
pressure. The TCF is linked to a temperature-dependent soil water retention curve (SWRC) model to include the impact of temperature
on pore structure and degree of saturation. The proposed model applies a decay function to the degree of saturation to account for thermally
induced changes in heat transfer mechanisms through conduction and convection of pore water in both liquid and vapor phases and latent heat
transfer due to vaporization. A new function is introduced into the TCF to incorporate the effects of confining pressure on thermal con-
ductivity that corresponds to the void ratio changes. The proposed TCF was validated against experimentally measured data for several
different soils at zero confining pressure and one soil at various confining pressures reported in the literature. The comparison showed that
the proposed TCF can capture laboratory-measured data properly, with prediction errors significantly lower than those from several alter-
native models. DOI: 10.1061/(ASCE)GT.1943-5606.0002660. © 2021 American Society of Civil Engineers.
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Introduction and Background

Heat transfer in soils is governed by thermal properties, especially
thermal conductivity, heat capacity, and thermal diffusivity. The ther-
mal conductivity of soils has a notable influence on many geotech-
nical and geoenvironmental engineering applications. Examples
of such engineering applications include groundwater exploration
(Lu and Ge 1996), radioactive waste disposal (Zhang et al. 1994),
climate change (Robinson and Vahedifard 2016; Vahedifard et al.
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2016a, b, 2017), energy foundation systems (Preene and Powrie
2009; Coccia and McCartney 2012; McCartney et al. 2013; Alsherif
and McCartney 2015), and geothermal energy (Ebigbo 2005; Cortes
et al. 2009; Yang et al. 2010). Many factors affect the thermal con-
ductivity of unsaturated soils, but these can be separated into three
groups (Yun and Santamarina 2008; Jin et al. 2017; McCartney et al.
2019; Yao et al. 2019): (1) index characteristics of soils, including
the texture, shape, mineralogy composition, and size; (2) structural
conditions, which involve the void ratio and the arrangement of par-
ticles; and (3) physical mechanisms such as the effects of water con-
tent, temperature, and stress level.

Previous experimental studies (e.g., Gangadhara Rao and Singh
1999; Tarnawski et al. 2009; Zhang et al. 2017) showed that differ-
ent index characteristics and mineral compositions in soils result
in different thermal conductivities. A soil with particles of larger
shape and size has higher thermal conductivity (Aduda 1996; Esch
2004; Zhang et al. 2017). Soil with a tighter texture has increased
thermal conductivity at given particle sizes (Smith 1942; Sahimi
and Tsotsis 1997). Structural conditions representing void ratio and
particle arrangement considerably affect the thermal conductivity
of soils. For example, soil density is a key factor for heat transfer
(Smith 1942; Brandon and Mitchell 1989). A reduction in the void
ratio leads to an increase in thermal conductivity (Brandon and
Mitchell 1989; Yun and Santamarina 2008). This is because the
change in the void ratio affects the quality of interparticle contacts
and the pore space.

The magnitude of thermal conductivity in unsaturated soils is
controlled by heat transfer within the interparticle contacts and heat
loss to the pore space. In terms of dominating physical factors, sev-
eral experimental results proved that increases in water content in-
crease the thermal conductivity (Chen 2008; Tarnawski et al. 2013;
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Lu and Dong 2015; Jin et al. 2017; Zhang et al. 2017) because the
flow of water, in liquid and vapor forms, directly affects the heat
transfer. Furthermore, the thermal conductivity of unsaturated soils
increases as the confining pressure increases (e.g., Vargas and
McCarthy 2001; Yun and Santamarina 2008; Yao et al. 2019) be-
cause the confining pressure results in higher packing density and
trapping of small particles between the larger pore spaces. This also
reduces the void ratio of soil due to the rearrangement of particles.
Temperature is another physical factor dominating the thermal con-
ductivity in unsaturated soils. Because changes in the temperature
affect pore structure, degree of saturation, and heat transfer mech-
anisms, it plays a significant role in the magnitude of thermal con-
ductivity in unsaturated soils (e.g., de Vries 1963; Johansen 1975;
Kasubuchi 1992; Kasubuchi and Hasegawa 1994; Campbell et al.
1994; Smits et al. 2013; Moradi et al. 2016; Yao et al. 2019).

Over the last few decades, several attempts have been made to
develop analytical models to describe the thermal conductivity
function (TCF), which establishes a constitutive function between
the thermal conductivity and water content (or suction) in soils.
Several articles in the literature comprehensively reviewed most
of these TCFs (e.g., Dong et al. 2015; Zhang and Wang 2017;
Zhang et al. 2017). The first TCF can be credited to de Vries (1963),
who proposed mathematical models for determining the thermal
conductivity of soils based on their physical properties. The advan-
tage of the de Vries model is that a fitting parameter is not needed.
Campbell et al. (1994) and Tarnawski et al. (2000a, b) investigated
temperature effects on thermal conductivity of unsaturated soils.
Slavin et al. (2000) defined a model to determine the thermal con-
ductivity of solid spherical particles immersed in a static fluid. Hu
et al. (2001) and Gori and Corasaniti (2002) employed capillary
pressure—saturation relationships to develop TCFs for an unconsoli-
dated porous medium under temperature effects. Coté and Konrad
(2005) and Lu et al. (2007) utilized a sigmoidal shape to model the
TCF controlled by an empirical fitting parameter based on the ef-
fects of grain size, pore size, and pore water. Haigh (2012) and Dong
et al. (2015) presented TCFs based on the assumption of perfectly
spherical soil grains to match experimental data of the curved shape
of thermal conductivity—water content for binary mixtures. Lu
and Dong (2015) provided a model that employs two soil-specific
parameters, soil particles and the pore fluid network connectivity,
within the funicular regime. Wallen et al. (2016) used the Lu and
Dong (2015) model to analyze the thermal conductivity of binary
sand mixtures with different degrees of saturation. Zhang et al.
(2017) developed a TCF by considering the effect of water content,
dry density, particle size, and mineral composition. Samarakoon and
McCartney (2019) developed a model by considering the temper-
ature effects on thermal conductivity that emerge from heat transfer
by conduction and convection while ignoring its effects on pore-
fluid properties. They introduced two fitting parameters to account
for vapor diffusion.

Although several TCFs have been proposed in the literature,
gaps remain to be filled regarding the development of a general
TCEF that can account for all, or the majority of, dominating physi-
cal mechanisms of the thermal conductivity of unsaturated soils.
For example, the existing TCFs do not account for the effects of
confining pressure, nor do they consider thermal induced changes
in pore structure and degree of saturation. To fill this gap, this study
proposes a new TCF for unsaturated soils by considering the tem-
perature effects on pore structure, degree of saturation, different
heat transfer mechanisms (i.e., conduction, convection, and latent
heat of vaporization), and the confining pressure. A parametric
analysis was conducted of the proposed TCF to illustrate changes
in the thermal conductivity of three different soils under tempera-
tures ranging from 25°C to 80°C and confining pressures ranging
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from O to 300 kPa. The accuracy of the proposed model was evalu-
ated by comparing it with several sets of experimental data and
alternative models available in the literature.

Model Development and Analytical Derivation

Underlying Theory and General Functional Form

Fig. 1 schematically shows the conceptual model used to develop

TCF in this study. To account for various factors affecting the ther-

mal conductivity of unsaturated soils, the proposed TCF is consti-

tuted by considering three distinct yet interrelated factors:

¢ TCF is linked to the soil water retention curve (SWRC), ac-
counting for two main water storage mechanisms (i.e., capillary
and adsorption). Because water has higher thermal conductivity
than dry soil or air, the higher the water content, the higher is the
thermal conductivity.

* The impact of temperature is another important factor affecting
the thermal conductivity of unsaturated soils, through convec-
tive water-vapor flow and phase changes or latent heat transfer
(e.g., de Vries 1987; Campbell et al. 1994; Tarnawski and Gori
2002; Smits et al. 2013; Moradi et al. 2016; Xu et al. 2019).

* Changes in confining pressure impose variation of thermal con-
ductivity of unsaturated soils due to the internment of pore net-
work and soil particles (e.g., Yun and Santamarina 2008; Yao
et al. 2014, 2019).

This study presents a general TCF based on the aforementioned
primary factors (Fig. 1). The proposed model was established by
considering the temperature effects on thermal conductivity by
linking the TCF to a temperature-dependent SWRC (Vahedifard
et al. 2018), which can capture the effect of temperature on capil-
lary and adsorbed water, in which the capillary part accounts for the
temperature effects on enthalpy, contact angle, and surface tension
[Fig. 1(a)]. Furthermore, the TCF accounts for the effect of elevated
temperatures on heat transfer mechanisms through a decay function
[Fig. 1(b)]. Based on the concept shown in Fig. 1(c), the effect of
confining pressure on the TCF also is taken into account. The gen-
eral TCF for unsaturated soils can be expressed as:

= )\Base+A)\CP+A)\HM (1)

where A = total thermal conductivity; ABase = bagse thermal conduc-
tivity; AA™M = change in thermal conductivity induced by temper-
ature effect on heat transfer mechanisms; and AXP = change in
thermal conductivity due to effects of confining pressure. In the
proposed model, the base model concurrently accounts for varia-
tions of water content and temperature and is linked to the
temperature-dependent SWRC. That is

)\Base — )\TSWR (2)

where ATSWR i the base thermal conductivity linked to the
temperature-dependent SWRC to account for the effect of water
content while incorporating the temperature effect on pore structure
and degree of saturation.

Water Content—-Temperature Effects on Thermal
Conductivity

Linkage to Temperature-Dependent SWRC

Several studies have demonstrated the linkage between the TCF
and the SWRC, which allows accounting for the effect of water
content (or suction) on the thermal conductivity of unsaturated soils
(e.g., Coté and Konrad 2005; Lu and Dong 2015). The SWRC,

J. Geotech. Geoenviron. Eng.

J. Geotech. Geoenviron. Eng., 2021, 147(11): 04021123



Downloaded from ascelibrary.org by Mississippi State Univ Lib on 08/30/21. Copyright ASCE. For personal use only; all rights reserved.

(I): Hydration (I1): Pendular
O B
{ r.} Fo "'. £ N {__. \
) ___-: -“L-'/ \ fo— il A \
> 9" . Q
e A Y
N ey 7 N J
(U ()] (1 (Iv)
— / Asat
<
£ T2
S T1=Tref
o
=
@
< /
/ Te>Ti
)\dry
Total Water Content
(a)
(U (1 (V)
T2>Ti1
< / - \
£ N\
s |/ N
: |/ N
< N
< / ~
=~ ~
/ T1 =Tref ~ 0 (W/mK)

Total Water Content

(b)

&

(IV): Capillary

(111): Funicular

AN (W/mK)

0 (W/mK)

Confining Pressure (kPa)

()

>‘ Asat

02>01

Adry

A= AR L AN ANCP (W/mK)

T1=Tref To> T4

Total Water Content

(d)

Fig. 1. Generalized thermal conductivity function for unsaturated soils: (a) A\T™SWR, base thermal conductivity linked to the temperature-dependent

SWRC to account for the effect of temperature on pore structure and degree of saturation; (b) A

MMM change in thermal conductivity induced by the

temperature effect on heat transfer mechanisms; (c) AN, change in thermal conductivity due to the effects of confining pressure; and (d) ), total

thermal conductivity (A = ATSWR - ANAM 1 AN\CPy,

defined as a relationship between the matric suction and water con-
tent, may have four different desaturation stages based on capillar-
ity and adsorption mechanisms of the soil (Fig. 1). These generally
are categorized as (1) hydration, which refers to the water attracted
by intermolecular forces by van der Waals, electrical, osmotic, and
hydration components; (2) pendular or discontinuous water phase,
in which the water forms menisci near particles; (3) funicular or
continuous water phase, in which menisci are interconnected with
each other (e.g., Cho and Santamarina 2001; Lu and Dong 2015);
and (4) capillary, in which the air phase is in the form of bubbles
(Lu and Likos 2004, 2006). Considering these four soil water re-
tention regimes (Fig. 1), the thermal conductivity changes distinctly
as the water content changes from one to another retention regime
(e.g., Johansen 1975; Coté and Konrad 2005; Lu et al. 2007; Dong
et al. 2015; Lu and Dong 2015). Considering this aspect, Lu and
Dong (2015) proposed a TCF using a sigmoidal function of the
pore fluid network connectivity parameter, m, and the total water
content at ambient conditions as
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[ P\ m] (1=m)/m
A=A — ()‘sat - )‘dry) I+ e_f (3)

Or, in terms of the degree of saturation, S, as

i S\ m| (1—m)/m
A= At — ()‘sat - /\dry) 1+ S_ (4)
L f/

where A, and Agy = thermal conductivity at saturated and dry
states, respectively; 9f and Sy = volumetric water content and de-
gree of saturation at which funicular regime starts; and m = pore
fluid network connectivity parameter for thermal conductivity. Lu
and Dong (2015) showed that Of, S¢, and m are linearly correlated
to the residual water content (6,.), residual degree of saturation (S,.),
and fitting parameter (nyg), respectively, of the van Genuchten
(1980) SWRC model.

Johansen (1975) proposed empirical formulations to estimate
Asac @and gy, using index properties of soils as
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~0.135p, + 0.0647

A 5
dry p, —0.947p, ()
)‘sat = )\lq_")\ﬁ (6)
A= A1 (7)

where p, = particle density; p, = dry density; \; = effective ther-
mal conductivity of soil solids; A, = thermal conductivity of
water (0.594 Wm~' K™1); A, = thermal conductivity of quartz
[7.69 Wm™' K~! (Campbell et al. 1994)]; ¢ = quartz content of
total solids; and ), = thermal conductivity of other miner-
als (2.0 Wm™ K1),

Considering the intrinsic linkage between the TCF and the
SWRC, and to account for the effect of temperature, the TCF
of Lu and Dong (2015) was extended by incorporating the
temperature-dependent SWRC model developed by Vahedifard
etal. (2018, 2019). The temperature-dependent SWRC model ac-
counts for the effect of temperature on capillarity and adsorption.
Thermally induced changes in capillary pressure (commonly re-
ferred to as matric suction) can be captured by quantifying the
temperature dependency of surface tension, contact angle, and en-
thalpy of immersion (Vahedifard et al. 2018, 2020). If the wetting
coefficient, enthalpy, and water—air surface tension are functions
of temperature, the temperature-dependent matric suction can be
determined as (Grant and Salehzadeh 1996)

6+T)

ﬂT,. + Tr (8)

)= 7!’T,.<

where v = u, —u,, = matric suction at arbitrary temperature
T (K); 17, = matric suction at arbitrary reference temperature T',;

u, = pore-air pressure; u,, = pore-water pressure; and [ is calcu-
lated as (Grant and Salehzadeh 1996)

B —ART,
~ —Ah+a'(cos a)r, + b(cosa)r, T,

g ©)

where o = temperature-dependent contact angle; and Ak = en-
thalpy of immersion per unit area. The enthalpy is determined
through experimental measurements or differential enthalpy of
the vapor’s adsorption (Everett 1972; Vahedifard et al. 2020).
A reduction of the enthalpy by increasing temperature, as sug-
gested by Watson (1943), is considered as

— 0.38
A= Ahy. (11 _TT) (10)

where Ahy = enthalpy of immersion per unit area at reference
temperature.

Egs. (8)—(10) can be employed to extend the SWRC model of
van Genuchten (1980) to temperature-dependent conditions. The
total water content given by the van Genuchten (1980) SWRC
model under ambient temperature is

0 =04 + (65 — 0,)(1 + (aygy)™e) ™™o (11)

where 0, 6;, and 6, = total water content, saturated water content,
and adsorbed water content, respectively; ayg = fitting parameter
inversely related to air-entry suction (1/kPa); and myg = fitting
parameter representing overall geometry of SWRC, commonly
assumed to be myg = 1— 1/nyg. The full expression of the
temperature-dependent SWRC model is (Grant and Salehzadeh
1996; Lu 2016; Vahedifard et al. 2018)

Br, +T, /M By AT, /M
I _Mww( §;+T ) 0, — gpax _Mww( ;;+T )
6 = 07 < exp —%7 + e e X €Xp | ————— (12)
14 avc;?/)( é+T )
where 0% = adsorption capacity; M,, = 1.8 x 10> m? mol~! = molar volume of water; R = 8.314 Tmol~' K~! = universal gas constant;

and M = adsorption strength, which is a fitting parameter controlled by mineral type and quantity. A key feature of the extended van Gen-
uchten SWRC model is that the formulation needs only the SWRC fitting parameters at the ambient temperature, and Ak is the sole
additional parameter needed to account for the effect of temperature.

By substituting the water content obtained from the extended van Genuchten model [Eq. (12)] into Egs. (3) or (4), respectively, one can

extend the Lu and Dong (2015) model to temperature-dependent conditions and determine ATSWR in terms of water content as
7 (9 —0 Br +T nyG \ 1/nyg=1\ m7 (1-m)/m
ATWR = Xat = st = Aary) X {1 + (9—;‘1'&97)[[1) <1 + (OéV(ﬂ/J (BTTr (13)
Or, in terms of the degree of saturation
S (1 - S ) ﬁT, +T nyg \ 1/nyg—1\ m7 (1—m)m
ATWR = Aat = (Asat = Adry) [1 + (S;l +Ta (1 + (OéVG¢ (ﬂTTr (14)

where S, = degree of saturation of adsorbed water. To illustrate the
dependency of ATSWR on the temperature-dependent SWRC, the
proposed equations were solved using the input parameters in
Table 1; Ahy values were reported for similar soils by Grant and
Salehzadeh (1996), and all other parameters were obtained from Lu
(2016) and Lu and Dong (2015).
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Figs. 2(a—c) illustrate the total water content versus matric suc-
tion for Georgia kaolinite, Bonny silt, and Ottawa sand, respec-
tively, subjected to temperatures from 25°C to 80°C. For a given
suction, a higher temperature led to lower water content. This re-
duction can be attributed to changes in surface tension, contact an-
gle, and enthalpy (Vahedifard et al. 2018). The results show that the

J. Geotech. Geoenviron. Eng.

J. Geotech. Geoenviron. Eng., 2021, 147(11): 04021123



Downloaded from ascelibrary.org by Mississippi State Univ Lib on 08/30/21. Copyright ASCE. For personal use only; all rights reserved.

Table 1. SWRC and TCF parameters of three soils used in parametric study

SWRC parameters® Thermal parameters”

Soil 0, M nyG ayg (kPa™!) Ahr, (Jm™?) fmax At Wm™TK) Aary (W m~' K1) m 0

Georgia kaolinite 0.57 0.047 1.42 0.008 —0.516 0.043 1.56 0.24 2.92 0.087
Bonny silt 0.47 0.049 1.43 0.050 —0.516 0.020 1.28 0.37 2.62 0.062
Ottawa sand 0.40 0.789 4.50 0.282 —0.285 0.017 2.50 0.23 1.93 0.032

“Reported in Lu (2016), except Ahr,, which is taken from Grant and Salehzadeh (1996).

PReported in Lu and Dong (2015).

effect of temperature for matric suctions higher than 10,000 kPa for
Georgia kaolinite and 100 kPa for Bonny silt became less significant.
For Ottawa sand, the matric suction varied between 0 and 10 kPa
[Fig. 1(c)]. At such low matric suctions, capillarity is the dominant
water storage mechanism, and adsorption has less effect.

The effect of changes in water content and temperature sensi-
tivity on ATSWR s depicted in Figs. 2(d-f) for Georgia kaolinite,
Bonny silt, and Ottawa sand, respectively. The trend for all three
soils generally was affected by temperature-induced changes in ma-
tric suction and total water content. Therefore, A\TSWR for all soils
due to higher temperatures was affected by the water retention
mechanisms [Figs. 2(a—c)]. For all three soils, ATSWR exhibited a
monotonic increase and then became constant for temperatures
ranging from 25°C to 80°C. For each temperature, the increasing
trend of A\TSWR continued as long as the water content (or matric
suction) varied within the capillary regime. For all soils at a given
water content, the increase in temperature enhanced the thermal
conductivity. On the other hand, for both dry and saturated condi-
tions, the temperature dependence of thermal conductivity was neg-
ligibly small. As water content increases with temperature, there
is enhanced heat conduction through water and soil particles be-
cause they are superior in conducting heat to the air medium.
At relatively low water content, the soil has air pores; therefore,
ATSWR decreases.

The thermally induced increase in thermal conductivity is be-
cause the temperature significantly affects the menisci of the water
bridges (liquid—solid) of particles, which leads to more air space
between particles provided by the reduction of water content up
to the funicular water content. Beyond the funicular water content,
the air becomes continuous and water meniscus becomes discon-
tinuous, hence further decreasing the thermal conductivity but at a
slower rate until reaching the dry region, in which the temperature
does not have much influence on ATSWR, The peak of thermal con-
ductivity is higher for coarse-grained soils such as sand [Fig. 2(f)]
than for fine-grained soils [Figs. 2(d and e)]. This could be because
coarse particles, due to the absence of heat resistance, conduct heat
better than do fine particles. These observations are consistent with
the laboratory test results reported in the literature (e.g., Hiraiwa
and Kasubuchi 2000; Smits et al. 2013; Xu et al. 2016).

For comparison, to evaluate the thermal conductivity near the
dry and near saturated states, the percentage change of thermal con-
ductivity with temperature was calculated for all three soils at water
contents of 0.1 and 0.3. At the low water content of 0.1, the increase
in ATSWR for Georgia kaolinite [Fig. 2(d)] was approximately 22%,
39%, and 53% as the temperature increased from 25°C to 40°C,
60°C, and 80°C. For Bonny silt [Fig. 2(e)], the increase in ATSWR
was approximately 14%, 24%, and 32% as the temperature in-
creased from 25°C to 40°C, 60°C, and 80°C. The increase for
Ottawa sand [Fig. 2(f)] was approximately 15%, 34%, and 38%
as temperature increased from 25°C to 40°C, 60°C, and 80°C.
At the high water content of 0.3, the increase in A\TSWR for Georgia
kaolinite [Fig. 2(d)] was approximately 4%, 8%, and 12%; for
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Bonny silt [Fig. 2(e)] the increase in ATSWR was approximately 2%,

5%, and 7%; and for Ottawa sand [Fig. 2(f)] the increase in ATSWR
was approximately 5%, 11%, and 15% as temperature increased
from 25°C to 40°C, 60°C, and 80°C, respectively.

Effect of Elevated Temperature on Heat Transfer
Mechanisms

At elevated temperatures, further considerations are needed to ad-
dress the physical phenomena of the convection of pore water in
both liquid and vapor phases and heat energy consumed due to
phase change or latent heat transfer due to vaporization and con-
densation. In addition to the temperature effects on fluid properties,
the thermally induced vapor diffusion in thermal conductivity for-
mulation is considered in this section to address temperature effects
on heat transfer mechanisms (i.e., conduction, convection, and la-
tent heat flux). As the thermally induced vapor diffusion increases,
the water content decreases due to the considerable amount of
air voids for flow. Similar to Samarakoon and McCartney (2019),
this study proposes a decay function of the degree of saturation
[Fig. 1(b)] to address the increase of thermal conductivity due
to the effect of elevated temperature by heat transfer mechanisms

T —

T
TmSxIn(Sy)  (15)

r

ANIM = _()‘sat - )‘dry)

where S = degree of saturation at reference temperature. The for-
mulation proposed by Samarakoon and McCartney (2019) requires
two fitting parameters to incorporate vapor diffusion. However, no
additional fitting parameters are required in the formulation pro-
posed in this study. Furthermore, this study considers the temper-
ature dependency of the degree of saturation, which was not
accounted for in Samarakoon and McCartney (2019).

Input parameters in Table 1 were used to calculate ANHM at
elevated temperatures. The sensitivity of AXNM to temperature is
illustrated in Figs. 3(a—c) for Georgia kaolinite, Bonny silt, and Ot-
tawa sand, respectively. The trend of AN for all three soils gen-
erally was affected by temperature-induced changes in vapor
diffusion. At the reference temperature (i.e., T = 25°C), AN re-
mained zero with changes in total water content for all three soils
but exhibited nonmonotonic behavior at higher temperatures. At
elevated temperatures, AN initially increased with total water
content because the thermally induced vapor diffusion increased.
For each temperature, this increasing trend continued until the
funicular water content ¢/, at which the meniscus still is in a con-
tinuous state. At this point, the water content was dependent on the
temperature and the type of soil [Figs. 3(a—c)]. Close to the funicu-
lar water content, the contribution of thermally-induced vapor dif-
fusion reaches a peak as the water content decreases due to the
greater availability of air-filled voids for flow. Beyond 6, AXHM
decreases as the water content increases. As water evaporates on hot
surfaces, thermally induced vapor diffusion becomes a key heat
transport mechanism along with water vapor movement in wet soils.
The water vapor transports the latent heat of vaporization for a unit
mass of water. The flows of heat and water vapor flow are both
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Fig. 3. Variation of AN with water content at different temperatures:
(a) Georgia kaolinite; (b) Bonny silt; and (c) Ottawa sand.

affected by the temperature gradient in the soil. This phenomenon is
prominent at high temperatures only. At low temperatures, the con-
tribution of vapor diffusion is small, leading to a negligible latent
heat component (Cass et al. 1984).

© ASCE

04021123-7

The parametric study trends in Fig. 3 are similar to the exper-
imental data reported in the literature (Cass et al. 1984; Clutter and
Ferré 2018; Xu et al. 2019). The trend of AN™ by temperature
depends on the degree of saturation of the soil, which illustrates
how the spaces between particles are filled. It controls the move-
ment of water vapor and the transfer of latent heat induced under
higher temperatures (Smits et al. 2013; Xu et al. 2019).

Effects of Confining Pressure on Thermal Conductivity
Confining pressure is another important parameter that affects the
thermal conductivity of soils. Under an isotropic load, the soil may
undergo further rearrangements of solid particles due to the reduc-
tion of interparticle shear resistance (Mitchell and Soga 2005). This
may induce pore-water redistribution to balance the temporary
change of suction, leading to a potential increase in thermal con-
ductivity measurements. Another potential confinement effect is
that the contact forces between soil particles increase under the ap-
plication of isotropic load, which may result in a larger contact area
between solid particles (Vargas and McCarthy 2001). Furthermore,
the pore-water meniscus may expand due to the larger particle con-
tact area caused by externally applied stress (Cho and Santamarina
2001). Thus, increases in isotropic net normal stresses facilitate
heat passing through continuous grain—water—grain pathways.

The confinement effect is illustrated schematically in Fig. 1(c).
Under unsaturated conditions, the soil mass has both air and water
in the pore space. Depending on the degree of saturation, the pore
air or the pore water can be either continuous or discontinuous. An
increase in the confining pressure can lead to a higher packing den-
sity due to the occupancy of small particles in between the larger
pore spaces that formed under lower confining pressure or stress
history of the soil (Yun and Santamarina 2008). Using a set of lab-
oratory tests, Yao et al. (2019) showed an increase in the thermal
conductivity of unsaturated soils under higher confining pressures.
The changes in thermal conductivity can be attributed to the pore-
water redistribution and larger interface contact area of solid par-
ticles. To incorporate the effect of confining pressures into the TCF,
this study proposes a new relationship as follows:

AP = ()‘sat - )‘dry)ST, In (mf(e) (0-313;’40)) (16)

where (03 —u,) = net normal stress representing net confining
pressure; P, = atmospheric pressure (~101 kPa) used as a normal-
izing parameter; o3 = total confining stress; and f(e) is a function
accounting for the effect of void ratio (Hardin 1978)

1

&) =531 072

(17)
where e = void ratio. Hardin (1978) proposed this void ratio func-
tion to account for the rearrangement of particles due to the con-
fining pressure for modeling the small strain shear modulus of soils.
However, the same phenomenon (i.e., rearrangement of particles
due to the confining pressure) is applicable and needs to be cap-
tured when modeling the TCF. Thus, the function was adopted in
this study.

To illustrate the effects of confining pressure on AXCF at a con-
stant degree of saturation, the proposed equations were employed
for Georgia kaolinite, Bonny silt, and Ottawa sand. The input
parameters in Table 1 were used to calculate AXP at different
confining pressures. At a constant degree of saturation Sy, = 0.2
[Fig. 4(a)] and 0.8 [Fig. 4(b)], the changes in AXCF under different
confining pressures are shown in Fig. 4 for Georgia kaolinite (solid
line), Bonny silt (dashed line), and Ottawa sand (dot-dashed line),
respectively. The trend was similar for both degrees of saturation
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considered. For all three soils, AX" was affected by confining
pressure, and increased monotonically with the confining pressure.
The increase in AXY was less pronounced for confining pressures
less than the atmospheric pressure. In this range, the pore pressure
generated in the soil matrix at any given degree of saturation can
resist the effect of low confining pressures, leading to small
changes in volumetric strain or interface contact area of solid par-
ticles. This translates into insignificant changes in the thermal con-
ductivity of soils. Beyond P,, the confining pressure significantly
can affect the pore-water redistribution, resulting in a larger inter-
face contact area of solid particles, implying more-significant in-
creases in AXCF,

For comparison purposes, the percentage variation of thermal
conductivity was quantified for Sy = 0.2 at various confining

pressures. The increase in AXY for Georgia kaolinite was approx-
imately 4%, 12%, 20%, and 24% as the confining pressure in-
creased from O to 50, 100, 200, and 300 kPa. For Bonny silt,
the increase in thermal conductivity was approximately 5%,
10%, 16%, and 19% as the confining pressure increased from 0
to 50, 100, 200, and 300 kPa. The increase in AP for Ottawa
sand was approximately 8%, 22%, 35%, and 43% as the confining
pressure increased from O to 50, 100, 200, and 300 kPa. The trends
were consistent with those reported from laboratory test results in
the literature (Yun and Santamarina 2008; Yao et al. 2014, 2019).

Complete Closed-Form TCF
By substituting Egs. (13), (14), (15), and (16) into Eq. (1), the gen-
eral TCF for unsaturated soils can be written as follows:

9(1 (Gs_aa) ﬂT,.+Tr nyg \ 1/nyg—1\ m] (1—m)/m
A== O |1 (g B (1 (avon (G577 ) )

T —

N P

r a

Or, in terms of the degree of saturation

Lr 0§ x In(Sy.) — Sy, In <m (o) MH (18)

Sa (1 — Sa) BT, + Tr nyg \ 1/nvg—1\ m7 (1-m)/m
A= At — O = Aan) | |14+ (2 £ 8220 (4 Pr,* Zr
sat ( sat dry) |:|: + (Sf + Sf ( + (O‘VGU)( ,8 +T

W T ; L uSin(sy) — Sy, n (mf(e) (USP;MN

r

To illustrate the temperature dependency of the TCF under con-
stant confining pressure, the proposed equation [Eq. (18)] was em-
ployed and studied for three different soils. Parameters in Table 1
were used to calculate the thermal conductivity of unsaturated soils.
Fig. 5 shows the results for Georgia kaolinite, Bonny silt, and
Ottawa sand at constant confining pressures of zero and 100 kPa.
The trend of thermal conductivity for all three soils showed that
it was affected by temperature-induced changes in matric suction,
water content, and vapor diffusion. For Georgia kaolinite [Fig. 5(a)],
Bonny silt [Fig. 5(b)], and Ottawa sand [Fig. 5(c)] at zero confining
pressure, the thermal conductivity exhibited nonmonotonic behavior
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(19)

at relatively high temperatures ranging from 60°C to 80°C. There
was an increasing trend that continued until the funicular water con-
tent 6, at which the water content was dependent on the temper-
ature and type of soils [Figs. 3(a—c)]. Beyond 0, the thermal
conductivity decreased as the water content increased. For temper-
atures of 25°C—40°C, the increasing trend continues for the full
range of water content. Because the latent heat component is very
small (Cass et al. 1984) at low temperatures, the contribution of
vapor diffusion is minimal. The thermal conductivity for Ottawa
sand [Fig. 5(c)] had a different trend than that of Georgia kaolinite
and Bonny silt. The peak was higher and was reached at lower water
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content than in the other two soils. This can be attributed to the
significant impact of temperature on the menisci of the water
bridges (liquid—solid) of sandy soils, which is consistent with
the trend in the SWRC [Fig. 2(c)]. At low water content, increasing
temperature leads to more space between particles in sand. It enhan-
ces the movement of water vapor and the transfer of latent heat
due to higher temperatures and thermal gradients (Smits et al.
2013).

Under a higher confining pressure (100 kPa), there was a similar
trend of the thermal conductivity versus the total water content for
Georgia kaolinite [Fig. 5(d)], Bonny silt [Fig. 5(e)], and Ottawa
sand [Fig. 5(f)]. However, the magnitude of thermal conductivity
increased at the higher confining pressure for all soils. For example,
the increase in thermal conductivity at zero confining pressure for
Georgia kaolinite [Fig. 5(a)] was approximately 25%, 51%, and
74% as the temperature increased from 25°C to 40°C, 60°C, and
80°C, at a total water content of 0.1. For Bonny silt [Fig. 5(b)],
the increase in thermal conductivity was approximately 9%, 21%,
and 31% as the temperature increased from 25°C to 40°C, 60°C,
and 80°C, at the total water content of 0.08. The increase of thermal
conductivity for Ottawa sand [Fig. 5(c)] was approximately 25%,
76%, and 101% as the temperature increased from 25°C to 40°C,
60°C, and 80°C, at the total water content of 0.05. After the soil
reached full saturation, thermal conductivity was closer to the
value of ). Furthermore, the increase of thermal conductivity
at the higher confining pressure (100 kPa) for Georgia kaolinite
[Fig. 5(d)] was approximately 25%, 51%, and 74% as the temper-
ature increased from 25°C to 40°C, 60°C, and 80°C, at a total
water content of 0.1. For Bonny silt [Fig. 5(e)], the increase of
thermal conductivity was approximately 9%, 21%, and 31% as
the temperature increased from 25°C to 40°C, 60°C, and 80°C,
at the total water content of 0.08. The increase of thermal conduc-
tivity for Ottawa sand [Fig. 5(f)] was approximately 25%, 76%,
and 101% as the temperature increased from 25°C to 40°C, 60°C,
and 80°C, at the total water content of 0.05.

The effects of confining pressure on the total thermal conduc-
tivity at a constant temperature were studied (Fig. 6). The sensitiv-
ity of total thermal conductivity to confining pressure is shown in
Figs. 6(a—c) at ambient temperature (25°C) and Figs. 6(d—f) at a
higher temperature (60°C) for Georgia kaolinite, Bonny silt, and
Ottawa sand, respectively. For all three soils, at a given water con-
tent, the total thermal conductivity increased as the confining pres-
sures increased from zero to 300 kPa. For each soil, the effect of
confining pressure was insignificant at low water contents (<0.1)
but became significant as the water content increased. For a given
confining pressure, the total thermal conductivity increased as the
water content increased. However, the curve reached a plateau at a
certain water content for the zero confining pressure case, whereas
it continued to increase monotonically at higher confining pres-
sures. The higher the confining pressure, the more pronounced
was the effect. This suggests that, at low confining pressure, the
increase in thermal conductivity is dominated by the effects of tem-
perature on water content and vapor diffusion, and confining pres-
sure has a lesser effect. At higher confining pressures, the role of
temperature in the increase of thermal conductivity is less pro-
nounced than the contribution of confining pressure. Consequently,
the behavior of thermal conductivity depends on the level of con-
tribution from the temperature effects and the confining pressure.

The proposed TCF considers physical factors by using water
content, temperature, and stress level (confining pressure) as three
primary variables in the derivation. Index properties of soil are con-
sidered in the estimation of Ay and Ay [Egs. (5)—(7)]. Further-
more, soil index properties affect the SWRC fitting parameters.
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Structural conditions (i.e., void ratio) are accounted for by Egs. (16)
and (17).

Validation and Comparison

The proposed TCF was compared with the experimental test results
reported in the literature for Royal, Palouse A, Palouse B
(Campbell et al. 1994), and Great Sand Dunes (Smits et al. 2013)
at temperatures of 30°C, 50°C, and 70°C, and for Guilin lateritic
clay (Xu et al. 2019) at temperatures of 25°C, 40°C, 60°C, 80°C,
and 90°C. Furthermore, the predictive accuracy of the proposed
TCF was compared with the following existing TCFs: Gori (1983),
de Vries (1963) (two models), Tarnawski et al. (2000b), and Samar-
akoon and McCartney (2019). All the aforementioned laboratory
tests or predictive TCFs do not consider the effect of confining
pressure or set it to zero. For validation at nonzero confining pres-
sures, the proposed TCF was compared with the results of labora-
tory tests reported by Yao et al. (2019) on poorly graded sand (SP4)
at 20°C, 47.5°C, and 75.5°C.

The accuracy of each TCF was evaluated using the RMS error
(RMSE) between the predicted and the measured data using

1 Gme'lsure -0 redicte 2
RMSE(%) = \/NZ< asured ~ Opred td) (20)

@measured

where O peasurea = €Xperimentally measured data; O predicea = Pre-
dicted data from each TCF; and N = number of measured data
points. For each set of data, the calibration and validation processes
included two stages: (1) calibrating the TCF at ambient temperature
to obtain the fitting parameters via the least-squares optimization
leading to minimum error; and (2) employing the calibrated
TCF to predict the thermal conductivity at elevated temperatures
and comparing the result laboratory-measured data. The input
SWRC and thermal parameters used for the evaluation of the pro-
posed TCEF for different soils are reported in Table 2. For compari-
son with the data of Yao et al. (2019), which include nonzero
confining pressures, the TCF first was calibrated at ambient tem-
perature and zero confining pressure. Then the calibrated model
was used to predict the thermal conductivity at elevated tempera-
tures and nonzero confining pressures.

Fig. 7 shows the laboratory-measured data of Campbell et al.
(1994) for Royal soil and predictions of the proposed TCF at tem-
peratures of 30°C, 50°C, and 70°C. The results obtained from the
proposed models were in good agreement with the measured data.
At temperatures of 30°C, 50°C, and 70°C, the RMSE values for the
proposed TCF were 5.5%, 3.5%, and 7.3%, respectively. As ex-
pected, at a given degree of saturation, the thermal conductivity
increased with an increase in temperature. The temperature effect
was insignificant at a low degree of saturation.

Figs. 8 and 9 compare the thermal conductivity obtained from
the proposed TCF with the measured data reported by Campbell
et al. (1994) for Palouse A and B at various temperatures. The
RMSE values of Palouse A were calculated to be 9.7%, 5.6%,
and 15.4% at 30°C, 50°C, and 70°C, respectively, and those for
Palouse B were 8.5%, 5.9%, and 8.5%, respectively. Fig. 10 com-
pares the thermal conductivity obtained from the proposed TCF
with the measured data of Xu et al. (2019) for Guilin lateritic clay
at elevated temperatures. The RMSE values for Guilin lateritic
clay were calculated to be 7.5%, 6.9%, 8.4%, 8.5%, and 8.3% at
25°C, 40°C, 60°C, 80°C, and 90°C, respectively. Overall, results
obtained from the proposed model were in good agreement with
the experimental results. Fig. 10 includes the measured and
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Table 2. Input SWRC and thermal parameters used for evaluating the proposed TCF for different soils

SWRC parameters

TCF parameters

Soil 0, nyg ayg (kPah) AV (Im=2) At Wm™TK™1) Adry (W m~ K™ m Sy
Royal® 0.50 6.78 0.008 —0.516 1.50 0.22 2.50 0.194
Palouse A° 0.53 9.67 0.002 1.37 0.20 2.82 0.237
Palouse B® 0.53 9.67 0.002 1.26 0.18 3.89 0.405
Great Sand Dunes® 0.35 4.50 0.283 —0.285 1.39 0.35 2.62 0.131
Poorly graded sand 0.38 2.84 0.850 1.72 0.43 2.43 0.128
Guilin lateritic clay® 0.85 1.39 0.021 —0.516 1.18 0.22 2.60 0.340
“Reported for similar soil types by Grant and Salehzadeh (1996).
®Laboratory-measured thermal conductivity values reported by Campbell et al. (1994).
“Laboratory-measured thermal conductivity values reported by Smits et al. (2013).
dLaboratory-measured thermal conductivity values reported by Yao (2019).
“Laboratory-measured thermal conductivity values reported by Xu et al. (2019).
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predicted data up to 90°C. At such high temperatures, it was diffi-
cult to maintain an isothermal condition for the phase equilibrium
of the soil sample (e.g., the high vapor pressure in a closed system).
Our proposed TCF does not explicitly consider the effect of phase
change and nonequilibrium conditions. However, the comparison
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with the laboratory test results clearly demonstrates the high pre-
dictive accuracy of the proposed model up to 90°C. This can be due
to the fact that the heat transfer mechanism is incorporated, which
can account for the temperature gradient (nonisothermal) and the
corresponding changes in water vapor movement.
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Fig. 9. Calibrated and predicted versus measured thermal conductivity for Palouse B soil: (a) 7 = 30°C (calibrated); (b) T = 50°C (predicted); and
(c) T =70°C (predicted).
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Fig. 11 compares the thermal conductivity from the proposed
TCF with the laboratory-measured data of Smits et al. (2013)
for Great Sand Dunes sand at various temperatures. The results ob-
tained from the proposed model were in close agreement with the
laboratory data. The RMSE values of Great Sand Dunes sand were
calculated to be 7.6%, 7.5%, and 9.0% at 30°C, 50°C, and 70°C,
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respectively. To compare the performance of the proposed model
with previous thermal conductivity models, the thermal conductivity
formulation of Samarakoon and McCartney (2019) was used to cal-
culate the thermal conductivity of Great Sand Dunes sand at 30°C,
50°C, and 70°C, respectively. The RMSE values of the Samarakoon
and McCartney (2019) model for Great Sand Dunes sand were

J. Geotech. Geoenviron. Eng.

J. Geotech. Geoenviron. Eng., 2021, 147(11): 04021123



Downloaded from ascelibrary.org by Mississippi State Univ Lib on 08/30/21. Copyright ASCE. For personal use only; all rights reserved.

(Smits et al. 2013)
Proposed model

1.6 1 1.6 7
Zx 1.4 3 Zx
£ ] =
s 127 2
2 ] 2
= 1.0+ =
S g
2 084 2
8 8
T 0.6 O Measured =
£ 1 £
[ [
< <
= [=

1.8 7

Thermal Conductivity (Wm'1K'1)

UL BB L L B B B 0.2 T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2

(a) Degree of Saturation (b)

Degree of Saturation (c)

T T T 0.2 1

4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

Degree of Saturation

Fig. 11. Calibrated and predicted versus measured thermal conductivity for Great Sand Dunes soil: (a) T = 30°C (calibrated); (b) T = 50°C (pre-

dicted); and (c) T = 70°C (predicted).

Table 3. Comparison of RMSE (%) of the proposed TCF and six alternative models in predicting laboratory measure data for different soils

Proposed de Vries de Vries Johansen Gori Tarnawski Samarakoon and

Soil Temperature model (1963) model-1 (1963) model-2 (1975) (1983) et al. (2000a) McCartney (2019)
Royal* 30°C 5.5 5.6 25.1 10.0 253 11.0 5.7
50°C 35 12.0 39.0 14.3 25.6 14.0 10.2
70°C 7.3 19.0 70.3 12.3 43.6 21.0 19.3
Palouse A® 30°C 9.7 6.6 16.6 10.0 28.6 12.0 9.7
50°C 5.6 13.3 21.0 12.6 26.6 18.0 10.2
70°C 154 20.0 35.0 16.3 31.3 22.0 14.0
Palouse B* 30°C 8.5 9.3 30.3 6.3 27.6 10.0 8.5
50°C 59 10.6 36.0 6.3 29.3 19.0 13.0
70°C 8.5 15.0 50.3 8.6 38.3 16.0 46.6
Great sand dunes® 30°C 7.6 — — — — — 7.6
50°C 7.5 — — — — — 10.0
70°C 9.0 — — — — — 15.0

Sources: Adapted from Tarnawski et al. (2000a, b).
“Measured data reported by Campbell et al. (1994).
"Measured data reported by Smits et al. (2013).

calculated to be 7.6%, 10.0%, and 15.0% at 30°C, 50°C, and 70°C,
respectively. The results obtained from the proposed model clearly
were in closer agreement with the experimental data than were the
results of the Samarakoon and McCartney (2019) model.

Table 3 reports the RMSE values from the proposed TCF
and those obtained from TCFs of de Vries (1963) (Model-1 and
Model-2), Johansen (1975), Gori (1983), Tarnawski (2000a), and
Samarakoon and McCartney (2019). The predictive errors are
presented for five soils at various temperatures from 25°C to 90°C.
The proposed TCF consistently yielded the lowest error for all soils
and all temperature ranges that were examined. This superior perfor-
mance can be attributed to (1) linking the TCF to a temperature-
dependent SWRC model that accounts for the effects of temperature
on various factors affecting water retention, and (2) accounting for
thermally induced changes in heat transfer mechanisms in the pro-
posed TCFE.

To demonstrate the predictive accuracy of the proposed TCF at a
given confining pressure, Fig. 12 compares the thermal conduc-
tivity from the proposed TCF with the laboratory results of Yao
et al. (2019) for poorly graded sand at various temperatures and
confining pressures. Because no other TCF in the literature ac-
counts for the effect of confining pressure, no comparison was pos-
sible with alternative TCFs. The results obtained from the proposed
model captured the laboratory results trend with high accuracy. The
RMSE values for sand soil were calculated to be 1.6%, 2.4%, and
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1.6% at 20°C, 47.5°C, and 75.5°C, respectively. The results showed
that the increase of thermal conductivity was affected significantly
by confining pressure due to the change in the pore-water redistrib-
ution and larger contact area with larger water meniscus between
solid particles. This aspect has been overlooked in the other alter-
native TCFs. The effect of temperature on thermal conductivity
dominated at 75.5°C for confining pressures ranging from zero
to 400 kPa. The temperature effects on water content, enthalpy,
and vapor diffusion were significant. These properties were less
affected at lower temperatures; at 20°C and 47.5°C, the results
proved that the contribution of temperature compared with that
of the confining pressure was not significant.

At high temperatures (>65°C), similar behavior for all soil types
was observed from the measured and predicted data. Such behavior
at high temperatures can be attributed to multiple reasons. High
temperatures and water contents facilitate thermally induced water
movement. Furthermore, latent heat is responsible for the main part
of the heat transfer at high temperatures. Another reason could be
the enhancement of vapor with the variation of air-filled porosity.
At high temperatures (>65°C), the vapor enhancement increases up
to a certain air-filled porosity (and the corresponding volumetric
water content), reaches a peak, and then decreases with further in-
creases in air-filled porosity (and water content). The TCF exhib-
ited the same trend at high temperatures.
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Fig. 12. Calibrated and predicted versus measured thermal conductivity for sand soil: (a) 7 = 20°C (calibrated); (b) T = 47.5°C (predicted); and

(¢) T =75.5°C (predicted).

The proposed TCF offers a generalized framework to determine
the thermal conductivity of unsaturated soils while accounting for
the effect of water content, temperature, and confining pressure. The
proposed model can be employed readily in a wide range of geotech-
nical and geoenvironmental engineering applications in which the
thermal conductivity of unsaturated soils is needed. Elevated temper-
atures mean different values for different applications. Goodman and
Vahedifard (2019) provided a table of several applications imposing
elevated temperatures on soil, along with the pertinent range of tem-
perature typically encountered in each application. For example,
under climatic interactions, the surface temperature can reach a maxi-
mum value of about 50°C. In several near-surface geoenergy appli-
cations (e.g., energy piles, thermally active earthen systems, energy
tunnels, energy diaphragm walls, and energy sheet piles), the maxi-
mum temperature imposed on the soil generally is limited to about
60°C. However, the maximum temperature can be as high as 100°C
in some energy applications (e.g., nuclear waste disposal and buried
high-voltage cables). In some geoenvironmental engineering appli-
cations, thermal interactions (e.g., smoldering combustion and
remediation) can lead to extremely high temperatures (several hun-
dred degrees). In this paper, we validated the proposed TCF with
laboratory-measured data up to 90°C, which covers the maximum
temperature involved in several of the aforementioned applications.
For temperatures higher than those studied in this paper, further stud-
ies are recommended to extend the proposed TCF by considering
additional factors (e.g., phase change, nonequilibrium, and the effect
of temperature on solid grains). Furthermore, elevated temperatures
possibly can induce desiccation cracks in clayey soils. Previous stud-
ies (Tang et al. 2008; 2010; Salimi et al. 2021a, b) have shown that
elevated temperatures decrease the tensile strength of unsaturated
soils and form cracks at higher rates. The formation of cracks can
undermine the integrity of unsaturated earthen structures and slopes
(Abdollahi et al. 2021), and also can alter heat transfer and water
retention mechanisms in the soil. The proposed TCF in this study
was developed for intact soils. However, the TCF can be extended
in future studies to consider the role of temperature in crack forma-
tion and the subsequent changes in heat transfer and water retention
mechanisms of cracked unsaturated soils.

Conclusions

Considering the effects of temperature and confining pressure on
thermal conductivity is an important step toward accurate model-
ing of the unsaturated soil behavior, particularly when dealing with
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applications that involve elevated temperatures in unsaturated soils.
This study presented a generalized TCF to determine the thermal
conductivity of unsaturated soils while accounting for the effect of
various water content (or suction), temperature, and confining pres-
sures. Under elevated temperature and confining pressure conditions,
a direct link was presented between the soil water retention curve,
different heat transfer mechanisms (i.e., conduction, convection, and
latent heat flux), and the confining pressure with the thermal conduc-
tivity formulation for unsaturated soils.

Employing the proposed TCF, parametric studies were con-
ducted to gain further insight into the effect of temperatures on
water content and thermal conductivity at constant confining pres-
sure for three different soils. The effects of confining pressures at a
constant temperature on thermal conductivity also were studied.
Different behaviors of thermal conductivity were observed depend-
ing upon the type of soil, range of temperature, water content, and
confining pressure. Finally, predictions from the proposed TCF
were compared with and validated against experimental data for
six different soils from the literature. Results obtained from the pro-
posed model were more accurate and were in closer agreement with
laboratory-measured data than were the results of several existing
TCFs. The error for all soils at various temperatures consistently
was less than 10%. The proposed TCF can be considered as a gen-
eralized framework describing the thermal conductivity of unsatu-
rated soils under different temperature and confining pressure
conditions. The findings of this study can be used to improve the
modeling of thermal conductivity in applications in which tem-
perature and confining pressure changes are expected in unsatu-
rated soils.
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