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1 INTRODUCTION 

Investigation of heat transfer through unsaturated 
soils is important in many geotechnical and geoenvi-
ronmental engineering applications, including nu-
clear waste disposal, energy piles, ground heat ex-
changers, underground power cable systems and 
thermal improvement of soils. Thermal conductivity 
is a fundamental property required for heat transfer 
analysis in a soil medium, thus making it an im-
portant input parameter in many numerical models. 
There are many factors that affect the thermal con-
ductivity such as degree of saturation, soil minerolo-
gy, and porosity (Farouki 1981; Brandon and Mitch-
ell 1989). Of these factors, particular emphasis has 
been given to investigating the relationship between 
thermal conductivity and the degree of saturation, 
and several theoretical and semi-empirical models 
are available in the literature to account for these 
variables (De Vries 1963; Johansen 1975; Tarnawski 
and Leong 2012; Likos 2014; Lu and Dong 2015), 
many of which were reviewed and categorized by 
Dong et al. (2015). Of these models, the thermal 
conductivity function (TCF) developed by Lu and 
Dong (2015) may be particularly useful for evalua-
tion of heat transfer in unsaturated soils as it links 
the relationship between thermal conductivity and 
degree of saturation with the parameters of the soil-
water retention curve (SWRC). 

Several experimental studies have measured the 
thermal conductivity of unsaturated soils under ele-
vated temperatures using dual-needle or single nee-
dle thermal conductivity devices (Hiraiwa and 
Kasubuchi 2000; Smits et al. 2013; Nikolaev et al. 
2013). Although these studies observed a marked ef-
fect of temperature on the observed thermal conduc-
tivity of unsaturated soils that varied depending on 
the initial degree of saturation, this effect may be 
due to experimental effects. Specifically, convection 
of water in liquid and vapor forms along with latent 
heat transfer will occur in unsaturated soils under el-
evated temperatures, affecting the thermal conduc-
tivity measured using thermal needle devices. The 
effects of these other heat transfer mechanisms in 
unsaturated soils may potentially be greater for soils 
with lower degrees of saturation (Smits et al. 2011). 
Accordingly, the thermal conductivity measured in 
these studies can be referred to as an “apparent” 
thermal conductivity that incorporates the heat trans-
fer due to conduction, convection of pore fluids, and 
phase change. Although this apparent thermal con-
ductivity is not a fundamental material parameter, it 
may be possible to use these parameters to perform 
simplified heat transfer analyses in unsaturated soils 
that does not explicitly account for convection of 
pore fluids or phase change (Samarakoon and 
McCartney 2018). 

Although there are models available for the tem-
perature dependency of the apparent thermal con-
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ductivity (e.g. Campbell et al. 1994; Tarnawski et al. 
2000; Gori and Corasaniti 2002; Tarnawski and Gori 
2002), they are not linked with the hydraulic proper-
ties of unsaturated soils. This study proposes a new 
nonisothermal apparent thermal conductivity func-
tion that was formulated by extending the TCF mod-
el of Lu and Dong (2015) to account for the temper-
ature-dependent changes in the apparent thermal 
conductivity. Specifically, a functional term was 
added to their TCF model that accounts for the dif-
ferent effects of convection and latent heat transfer 
expected in soils having different initial degrees of 
saturation. Nonisothermal apparent thermal conduc-
tivity data published in literature were used to evalu-
ate the proposed relationship. 

2 BACKGROUND 

Heat transfer in unsaturated soils under elevated 
temperatures can occur due to conduction, convec-
tion, and latent heat transfer. As a result, an en-
hanced apparent thermal conductivity may be meas-
ured in experimental studies due to the different 
contributions from these mechanisms at different 
initial degrees of saturation.  

Several studies have sought to model the observed 
temperature dependency of the apparent thermal 
conductivity. de Vries (1963) developed a model 
where the thermal conductivity of a mixture is ex-
pressed as a weighted sum of the thermal conduc-
tivities of the components in the mixture. He consid-
ered the thermal conductivity in the gas phase as an 
apparent thermal conductivity which includes con-
duction through dry air as well as latent heat of dis-
tillation across the soil pores. Campbell et al. (1994) 
modified the de Vries equation to simulate the soil 
temperatures associated with forest fires, which 
could be used to model soil thermal conductivity 
values at temperatures up to 600 °C in an open soil 
system. The variation of the latent heat term with 
temperature was identified as the primary factor re-
sponsible for changes in thermal conductivity with 
temperature in soil. Tarnawski et al. (2000) extended 
the model of Johansen (1975) to applications at ele-
vated temperatures by introducing a temperature-
dependent Kersten function. Gori and Corasaniti 
(2002) developed a theoretical model to predict the 
apparent thermal conductivity of soils at moderately 
high temperatures considering a cubic unit cell with 
a soil particle at the center. The heat conduction 
equation was solved assuming parallel isotherms 
within the cube to obtain the thermal conductivity. 
For the gas phase, thermal conductivity of dry air as 
well as water vapor was considered, and good 
agreement was obtained only for the temperature 
range of 30 to 50 °C. However, this model assumes 
that there is no contact between the soil solids. 
Tarnawski and Gori (2002) enhanced the cubic cell 

model of Gori (1983) to obtain better results at high-
er temperatures by assuming a linear approximation 
of the thermal conductivity with water content. 

Most of the previously-mentioned models make 
many simplifying assumptions that may not accu-
rately represent the soil medium or its behavior. For 
example, the model of Tarnawski and Gori (2002) 
assumes no contact between particles, and the de 
Vries (1963) model as well as other models based on 
it assume the thermal conductivity of the soil unit to 
be a weighted sum of its constituents using empiri-
cally determined weighting functions. Furthermore, 
the applicability of the different models in most cas-
es is limited only to the soils or the range of temper-
atures tested. Therefore, although these models pro-
vide reasonable results for temperature dependency 
of thermal conductivity of unsaturated soils, there is 
still room for improvement. 

When considering an apparent thermal conductivi-
ty which incorporates convection and latent heat 
transfer effects, liquid flow and vapor flow through 
the soil matrix also contribute to heat transfer in ad-
dition to the soil particle connectivity. Therefore, it 
is important to investigate the hydraulic state of the 
soil and how it effects the heat transfer mechanisms. 
Four soil water-retention regimes are identified in 
the study of unsaturated soils as hydration, pendular, 
funicular and capillary. For sandy soils, only the 
pendular, funicular and capillary regimes are domi-
nant. In the pendular regime, vapor and air flow are 
the prevailing modes of heat transfer. With an in-
crease in temperature, the increased kinetic energy 
in water molecules will escalate the latent heat trans-
fer process due to vaporization and condensation. 
Temperature can also create a significant gradient in 
the vapor pressure which will result in convective 
heat transfer through enhanced vapor diffusion. 
Therefore, the apparent thermal conductivity is ex-
pected to increase with temperature in the pendular 
regime.  

Simultaneous flow of water in liquid and vapor 
forms will contribute to heat transfer within the fu-
nicular regime. Under elevated temperatures, fluid 
motion will occur due to buoyancy that results from 
variations in density caused by temperature differ-
ences. Buoyancy-driven liquid water flow is ex-
pected to govern the heat transfer in the capillary re-
gime, while buoyancy-driven water vapor flow is 
expected to govern the heat transfer in the pendular 
regime. As the soil approaches saturation, there isn’t 
sufficient air-phase for vapor movement nor air-
water interfacial surfaces for evaporation and con-
densation to occur. Therefore, a decrease in the ap-
parent thermal conductivity is expected due to the 
diminishing contribution from latent heat transfer.  

Before developing a nonisothermal apparent 
thermal conductivity model, it is useful to start with 
an established TCF that has been defined at room 
temperature conditions, such as that of Lu and Dong 



(2015). Lu and Dong (2015) observed that the tran-
sition points in the relationship between the thermal 
conductivity and degree of saturation corresponded 
with transition points in the SWRC and developed a 
new TCF that was linked with the SWRC model of 
van Genuchten (1980), given as follows: 
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where λdry is the thermal conductivity of air-dry soil, 
λsat is the thermal conductivity of water-saturated 
soil, Sf is the degree of saturation at which the ther-
mal conductivity increases at its maximum rate, and 
m is the pore fluid connectivity network parameter. 
It should be noted that the value of sat is not ob-
tained for saturated conditions (S=1) in Equation (1), 
so it is considered as a fitting parameter. 

3 MATERIALS AND METHODS 

Apparent thermal conductivity data from Smits et al. 
(2013) were used to calibrate the proposed model. 
Smits et al. (2013) obtained continuous measure-
ments of thermal conductivity for two soil types, 
during characterization of their SWRCs. A uniform 
silica sand identified as 30/40 sand by its sieve 
number was used under two packing conditions as 
tightly-packed (dense) and loosely packed (loose). 
The porosities for the two conditions were 0.334 and 
0.408 respectively. A field sand from the Great Sand 
Dunes National Park, CO with porosity 0.351 was 
also tested. The dry densities for the 30/40 sand un-
der tightly-packed and loosely-packed conditions 
were 1.77 and 1.57 Mg/m3, respectively, and the dry 
density for Great Sand Dunes sand was 1.76 Mg/m3.  

The degrees of saturation in the specimens were 
controlled using a Tempe cell which takes advantage 
of the axis translation technique. During drying, the 
thermal conductivity was continuously measured at 
constant temperatures of 30, 40, 50, 55, 60 and 
70 °C. A thermal needle obtained from Decagon 
Devices, of Pullman, WA was used to obtain these 
measurements. The thermal needle device infers the 
thermal conductivity of the soil (initially at a con-
stant temperature) by imposing a heat pulse having a 
constant heat transfer rate to the needle and measur-
ing the increase in temperature at the location of the 
needle. A solution to the infinite line source equa-
tion permits the calculation of the apparent thermal 
conductivity. The thermal conductivity as a function 
of the degree of saturation for these two soils at 
30 °C are shown in Figures 1(a) and 1(b), respec-
tively, along with the fitted Lu and Dong (2015) 
TCFs. The λsat and λdry values were chosen from the 
experimental data near saturation and at zero satura-
tion respectively and the fitting parameters m and Sf 

were obtained from a least square fit to the data. A 
good fit is obtained between the fitted model and the 
relationships. 

Apparent thermal conductivity data published by 
Campbell et al. (1994), Hiraiwa and Kasubuchi 
(2000), and Nikolaev et al. (2013) were also used to 
fit the proposed model. They obtained the variation 
in thermal conductivity with respect to degree of 
saturation at a specific temperature by using samples 
created at different degrees of saturation. Campbell 
et al. (1994) measured the thermal conductivity of 
10 soils including Royal soil at temperatures 30, 50, 
70 and 90 °C. Heated probes were axially mounted 
in the sample and the measurements were taken us-
ing a microprocessor-controlled data logger. The 
thermal conductivity was determined using the Mar-
quardt (1963) nonlinear least squares algorithm.   
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Figure 1. Examples of fitting of the isothermal TCF of Lu and 
Dong (2015) to the data of Smits et al. (2013): (a) 30/40 sand 
(loosely packed & tightly packed) (b) Great Sand Dunes sand.  

 
The thermal conductivity of Ottawa sand was 

measured by Nikolaev et al. (2013) for the tempera-
ture range 2-92 °C at 10 °C increments. The porosity 
and the dry bulk density of the sand were 0.366 and 
1.68 Mg/m3 respectively. Thermal conductivity 
measurements were obtained using the guarded hot 
plate method where a uniaxial steady heat flux is 
maintained through a specimen fixed between hot 
and cold plates. Hiraiwa and Kasubuchi (2000) ob-



tained thermal conductivity data for Ando soil of po-
rosity 0.66 at temperatures of 5 to 75 °C in 10 °C in-
crements. The measurements were obtained using 
the twin heat probe method. The probes consist of a 
heating wire and a thermocouple inside a stainless-
steel tube with epoxy-resin filling the remaining 
space. The thermal conductivity was computed by 
comparing the measured temperature changes in the 
sample with those in a standard material having a 
known thermal conductivity.  

4 NONISOTHERMAL APPARENT THERMAL 
CONDUCTIVITY FUNCTION 

As noted, apparent thermal conductivity under noni-
sothermal conditions is assumed to capture the ef-
fects of heat transfer due to conduction, convection 
and latent heat transfer. The proposed nonisothermal 
conductivity function was formulated by extending 
the thermal conductivity model of Lu and Dong 
(2015). Grant and Salehzadeh (1996) found that the 
surface tension and the water-solid contact angle de-
creased as the temperature was increased. This re-
sulted in lower suction values and a shift in the 
SWRC. However, this shift is not significant for 
most soils and therefore, in this study it was as-
sumed that changes in the TCF due to this shift in 
SWRC with temperature are negligible. According-
ly, it is assumed that the temperature effects on the 
apparent thermal conductivity primarily arise from 
the effects of pore fluid convection and phase 
change rather than from temperature effects on the 
properties of the fluids.  

To capture the trends observed in the data from 
the literature, Equation 2 was modified by adding an 
empirical term to represent the effects of convective 
and latent heat transfer at different values of degree 
of saturation. The empirical term was defined to cap-
ture two main physical phenomena. The first phe-
nomenon is that the amount of phase change is ex-
pected to increase with the degree of saturation, as 
there is a greater amount of water available in the 
pores. Further, phase change is assumed to be negli-
gible at degrees of saturation less than some limit, 
which was selected to be Sf in this study. In most of 
the data sets, a noticeable increase in thermal con-
ductivity was observed around Sf as the temperature 
increased. The other phenomenon is that the amount 
of thermally-induced vapor diffusion will increase as 
the degree of saturation decreases due to the greater 
availability of air-filled voids for flow, which is con-
sidered using a decay function. The new noniso-
thermal apparent thermal conductivity function that 
accounts for the effects of heat transfer by conduc-
tion and convection/phase change is given by the 
following pair of equations:  
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   if S > Sf (3) 

where a and b are fitting parameters. An example of 

the components of the proposed conceptual model 

for the nonisothermal apparent thermal conductivity 

are shown in Figure 2, which includes the TCF func-

tion of Lu and Dong (2015) at room temperature and 

the proposed convective term at an elevated temper-

ature. The proposed model is similar to that from 

Equation (1) below Sf but shows a sharp jump at Sf 

followed by a nonlinear increasing and decreasing 

trend with increasing degree of saturation.  

 

0.0 0.2 0.4 0.6 0.8 1.0

T
h

e
rm

a
l 

C
o

n
d

u
ct

iv
it

y,
 λ

(W
/m

K
)

Degree of Saturation, S 

Lu & Dong model (2015)

proposed convection term

proposed model

Sf

λsat

λdry

 
Figure 2. Proposed model for the nonisothermal apparent 
thermal conductivity function. 

5 RESULTS AND DISCUSSION 

The proposed function was tested against the exper-
imental data published by Smits et al. (2013), Niko-
laev et al. (2013), Hiraiwa and Kasubuchi (2000) 
and Campbell et al. (1994). The parameters for the 
Lu and Dong (2015) model were determined using 
the data at 30 °C by using the nonlinear least squares 
fitting approach and the parameters introduced in the 
proposed nonisothermal function were determined 
using the data at 60 °C. The parameters obtained 
from the fittings at these two temperatures were then 
used to predict the values at other temperatures. The 
measured values of thermal conductivity and pre-
dicted behaviour from the proposed function for the 
two soil types tested by Smits et al. (2013) are 
shown in Figure 3, while the predicted thermal con-
ductivity values for Ando soil, Ottawa sand and 
Royal soil are shown in Figure 4. The fitting param-
eters for the soils are summarized in Table 1. 
 



The fitted models show reasonable agreement 
with the measured data for all soil types considered. 
The sudden increase in apparent thermal conductivi-
ty near the value of Sf is captured well, as is the 
gradual decrease in the convective effect as the de-
gree of saturation increases. Some soils such as Ot-
tawa sand do not show as sharp of an increase in ap-
parent thermal conductivity at Sf, but the model still 
matches the data well. The model can thus be used 
to obtain reasonable values for apparent thermal 
conductivity of soils including both conductive and 
convective effects at elevated temperatures. This is 
useful when conducting simplified heat transfer 
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Figure 3. Model comparison to the data from Smits et al. 
(2013): (a) 30/40 sand (tightly packed); (b) 30/40 sand (loosely 
packed); (c) Great Sand Dunes sand  

analyses in unsaturated soils without explicitly ac-
counting for convection or phase change. Although 
such a simplified approach, be numerically less ex-
pensive than a fully coupled heat and mass transfer 
model, additional experimental effort is needed to 
obtain the required soil-specific parameters a and b 
to apply this approach. The results in Table 1 pro-
vide preliminary values that can be used for granular 
soils. The value of a ranges from 15.72 to 33.33 and 
seems to be dependent on the density of the soil, 
while the value of b ranges from 1.50 to 1.82 and 
does not change significantly from soil to soil. 
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Figure 4. Model comparison to the data from: (a) Ando soil 
(Hiraiwa and Kasubuchi 2000); (b) Ottawa sand (Nikolaev et 
al. 2013); (c) Royal soil (Campbell et al. 1994) 

 



Table 1. Fitting parameters for the proposed model. 

Soil Type a b 

30/40 Sand (dense) 22.50 1.58 
30/40 Sand (loose) 15.72 1.50 
Great Sand Dunes Sand 33.33 1.82 
Ando Soil  30.44 1.54 
Ottawa Sand 28.84 1.61 
Royal Soil  18.97 1.55 

6 CONCLUSIONS 

A nonisothermal apparent thermal conductivity 
function was proposed based on the TCF of Lu and 
Dong (2015). The proposed function combines the 
effects of conduction, convection, and phase change 
in unsaturated soils into a single term that varies 
with the initial degree of saturation. The function 
contains two terms, one that reflects the shape of the 
nonisothermal soil-water retention curve, and the 
other that reflects the amount of phase change and 
convection in unsaturated soils as a function of de-
gree of saturation. The proposed function was cali-
brated using data for 5 soil types. In general, the 
model predictions are in good agreement with the 
experimental data. It should be clarified that the ap-
parent thermal conductivity function in this study 
should not be used in coupled heat transfer and wa-
ter flow analyses that separately consider the effects 
of vapor diffusion and phase change, but it may be 
useful in simplified conduction analyses in unsatu-
rated soils that are able to consider a non-constant 
thermal conductivity with changes in temperature.  
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