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The thermal properties of soils vary because of the different textures of soils; thus, it is valuable
to conduct research on the development of thermal conductivity models for soils with
different textures. Clay samples with different dry densities and increasing incremental water
contents were prepared, their thermal conductivities were measured by the transient plane
source (TPS) method. The experimental results show that the thermal conductivity of clay
increases with increasing water content and dry density. The water content has a stronger
influence than the dry density on the thermal conductivity. This paper presents an improved
model to predict the thermal conductivity of unsaturated clay. The model considers the
different contributions of minerals in the soil and the distribution of water and air in pores. The
accuracy of the model is verified by soil thermal conductivity data that was previously
measured and collected from ten regions. Compared with the three similar models proposed
in the literature, the new model proposed in this paper has a higher degree of correlation to

describe the thermal conductivity of clay.

1. Introduction

Houses built using soil are still widely distributed around the
world, such as temples in Japan, the cave-dwelling and Fujian
earth buildings in China, the fortified city in Morocco, Kapelle
der Versohnung in Berlin, and the handmade school in Bangladesh.
The thermal parameters of soil are needed in these projects to
assist in the calculation and simulation of the indoor environment.
The thermal conductivity value also shows great importance in
evaluating the heat transfer capacity of raw soil materials, which
involves many heat-related engineering projects, such as buried
underground thermal pipelines, pavement performance due to
the heat generated from driving, heat preservation and heat
storage of the earth wall.

There are many causes that affect the thermal properties of
soil; these are closely related to the soil temperature, pores in the
soil, soil density, mineral composition, water content, and freeze-
thaw state of soil (Xu et al., 2011; Wang et al., 2012; Barry-
Macaulay et al., 2015). For many years, researchers have performed
much research on the test and theoretical analysis of the soil
thermal conduction. According to the law of conservation of
energy for heat transfer, Smith (1940) carried out experiments
and measured the watered soil thermal conductivity using the

steady-state method, and has proved the inaccuracy of using the
steady-state method to determine the thermal conductivity of wet
soil without sealing. Heating the test specimen for a period of
time is often necessary when using the steady-state method to
carry out the measurement of the wet soil’s thermal conductivity.
During this process, the moisture migration and changes of the
soil moisture content will greatly affect the test, which leads to
inaccurate test results. The thermal conductivity test of soil
includes indoor tests and field tests. Laboratory tests often undergo
the nonsteady state method to save testing time and improve
measurement accuracy (Horai, 1969; Tarnawski et al., 2009;
Ochsner et al., 2001; Coté and Konrad, 2005; Zhang, 2015).
Many testing methods have been developed based on the nonsteady
state method, such as the thermal probe test (Nakshabandi and
Kohnke, 1965; Verhoef et al., 1996), transient plane source method,
hot-wire method, transient hot-strip method and pulse method
(Ross and Bridge, 1987; Bristow, 1998). Based on different
measurements and theories, empirical models, theoretical models
and semitheoretical semiempirical models have been derived
(Woodside and Messmer, 1961; de Vries, 1963; Balland and Arp
et al.,, 2005; Lu et al., 2007; Johansen, 1975). The existing
models are devoted to describing the thermal conductivity of
soils with one system; however, soils exist in different textures.
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Because of the soil heterogeneity and the environment complexity,
other properties of soil can have significant effects on its thermal
properties, such as particle composition, mineral composition
and soil structure. These models provide a good prediction for
some soils but are not as accurate for other soils. Johansen's
model (1975) has a low accuracy in predicting the coarse
granular soil’s thermal conductivity when the soil is in a low
saturation state; however, the Coté and Konrad model (2005) has
good agreement with coarse granular soils while providing a low
fit to the fine grain soil than the model of Lu et al. (2007).
Because the solid-liquid-gas three-phase contact characteristics
are different in different soils, such as clay, sandy soil and silty
soil, the path and method of heat transfer between solid-liquid-
gas in soil produces different degrees of influence on the thermal
properties of soil. Thus, it can be seen that the establishment of
different models for the thermal conductivity of various soil
types might be an advantage of model research. Models mentioned
above have high adaptability to some soils, but show limited
adaptability to other soils, while these models are applied to
multiple types of soils. So we recommend to use different models
for different soils to describe their thermal conductivity. Then,
we proposed a model for clay soil and verified this model with
tested data and data from the literature.

In this paper, the clay samples with different water content
and different density were made into disc-shaped samples, and
the thermal conductivity of the samples was measured by the
TPS method. The relationship among the thermal conductivity,
the water content and the dry density is discussed and analyzed.
An improved model for the calculation of the thermal conductivity
of clay is proposed, it considers the different proportion of
mineral compositions and the pore-water-air ratios. The data of
10 kinds of clays were collected by means of laboratory test and
literature collection, then were used for model evaluation. The
performance of the new model is evaluated along with three
commonly used thermal conductivity prediction models. Section
2 and Section 3 of this paper are the conduction and discussion
of the thermal conductivity test of clay, from which the measured
values here is obtained.

2. Materials and Methods

The tested soil was selected from Xianyang, China. The liquid
limit (LL) of the tested soil is 37.7%, and the plastic limit (PI) is
23.8%, which indicates that the soil is a low liquid limit clay.
Table 1 provides some physical properties of the tested clay.

The thermal conductivity measurement was conducted by a
rapid thermal conductivity tester produced by Hunan Xiangtan
Xiangyi Instrument Co. Ltd. In China (Fig. 1). Measurements

Table 1. Physical Properties of Tested Soil

Specific LL PL Pl Maximum dry density
gravity (%) (%) (g/em’)
2.74 37.7 23.8 13.9 1.73

(a) (b)

Fig. 1. Thermal Conductivity Tester: (a) Signal Receiving Processor, (b)
Probe and Testing Samples

were based on the TPS method (Gustafsson, 1991), which is
derived from the transient temperature response generated by a
disc-shaped heat source that has been heated in a stepwise
manner under an infinite medium. The probe was placed in the
middle of two identical specimens, and the standard deviation of
each set of test results was less than 0.05. Considering the
influence of testing temperature on thermal conductivity (Tarnawski
and Leong, 2000), prior to measuring the specimens, the tester was
calibrated with the thermal conductivity of polymethyl methacrylate
and quartz glass at 20°C.

A 2-mm screen was used to sieve the air-dried clay, and then
the clay was saturated to produce different water contents of 3%,
6%, 9%, 12%, 15%, 18%, 21%, and 24%. The saturated soil was
sealed and transferred to a thermostat to stand for 24 hours to
cause the water in the soil to migrate evenly throughout. After 24
hours of curing, a jack was used to maintain the static pressure
during the preparation of round disc-shaped specimens into
diameters of 6.18 cm and heights of 2 cm.

3. Results and Discussions
Figure 2 reveals that the thermal conductivity of clay under
certain water content conditions increases with dry density, and

this phenomenon can be observed under different water content
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Fig. 2. Thermal Conductivity and Dry Density
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_-water

Fig. 3. Schematic Diagram of Contact Form

conditions. When the moisture content of clay increases, its
thermal conductivity also increases.

Soil is a complex system composed of three phases: solid,
liquid, and gas. Because of the difference of the three phases, the
thermal conductivity of soil is affected by many factors. The
thermal conductivity of water at room temperature is 0.599
W-m K™, more than ten times that of air, 0.024 W-m K™,
while the solid particle has a higher value of approximately 1.3-
6.0 Wm™-K™. Due to the higher thermal conductivity of soil
particles and water, the soil thermal conductivity is mainly
determined by the characteristics of the solid and the distribution of
water in soil. When the soil moisture content is at a low level,
the solid phase and pore in soil play a main role in the process of
heat conduction. Since the thermal conductivity of minerals in soil
is hundreds of times that of air (C6té et al., 2011), the composition of
the soil particles and the type of contact occurring between the
soil particles plays a major role in the heat conduction of the
soil. In the theory of thermal conductivity prediction of
Campbell (1994), the increase of moisture content will promote
the increase of thermal conductivity. Based on this theory, Bao et
al's (2019) temperature simulation at the same depth of soil
with different moisture content shows that the soil with higher
moisture content transfers heat faster. When the soil is gradually
saturated by water, the pores are gradually filled with water.
The water film formed between the soil particles increases the
contact between the soil particles, which is beneficial to the
transfer of heat, therefore, leading to the climb of the soil
thermal conductivity. When the dry density of soil increases,

the soil is compressed, the porosity of soil decreases, and the
surface-surface contact between solid phase and solid phase,
solid phase and liquid phase increases (Fig. 3). As the heat
transfer capacity between the particles is greater than that of the
soil particles and the air, the heat conductivity between the soil
particles and the liquid is better than the conductivity between
the solid and the air; moreover, the expanded contact area of the
soil particle and the liquid phase improves the thermal conductivity
as the dry density of the soil increases.

The calculation results of Pearson correlation coefficient
from the linear regression analysis of the data in Fig. 2 are
shown in Table 2. The Pearson correlation coefficient of
water content and thermal conductivity is 0.759, which
indicates that there is a stronger correlation between the two
variables. Therefore, it can be deduced that the effect of water
on the soil thermal property is stronger, which illustrates that
the form of pores in soil could affect the thermal conductivity.
Although in this study, the conclusion is deduced from clay,
its adaptability to other types of soil is worth discussing in the
future research.

Table 2. Pearson Correlation Coefficient

Person correlation Thermal Water Dry
coefficient conductivity content density
Thermal conductivity 1.000 0.759 0.263
Water content 0.759 1.000 -0.393
Dry density 0.263 -0.393 1.000
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4. Thermal Conductivity Prediction Models

4.1 Johansen Model
The thermal conductivity model of unsaturated clay proposed by
Johansen (1975) can be expressed as Eq. (1).

k= (k, kg Dk, +, (1)

where £, and k,,, represent the thermal conductivity of saturated
soil and dry soil respectively, they can be expressed as Egs. (2)
and (3), respectively, in which ks and kw express the solid and
liquid thermal conductivity, respectively, and n represents the
porosity. ke is the Kersten number; for coarse grained soil, ke can
be expressed as Eq. (4). For fine grained soil, ke can be expressed as

Eq. (5).

at

kSI,” = k;] ")k:ll' (2)
0.137p, +647
=2y,
T 2700-0947p, &)
k. =0.7logS, +1(S, > 0.05) %)
k, =logS. +1(S, >0.1) (5)

Johansen suggested Eq. (6) for the solid particle thermal
conductivity, in which &, and k, represent the thermal conductivity
of quartz and other minerals, respectively, g is the ratio of quartz
content to the full mineral content of the soil.

k,=klk0 (6)

4.2 Coté and Konrad Model

Johansen’s (1975) model was improved by changing Egs. (2) —
(5) to calculate k,, k4, and k, (Egs. (7) — (9)) (Coté and Konrad,
2005).

ko =h KK ™
k,, =zx10 " )
xS,

k,=——1—
¢ 1+(x=1)S, ©)
where y, 7 and x are parameters considering the particle size. The
thermal conductivity of soil particles is represented by Egs. (10)
and (11).

k =1k, (10)
_] J

zx,; =1 (11)

J
where K,, represents different minerals’ thermal conductivity,
and x represents the proportion of different minerals to the total
mineral content of the soil.

4.3 Lu et al. Model
A new expression of &, and k&, was proposed trying to improve
the Johansen’s model (Lu et al., 2007). Here, £, is given as Eq.

(12), and k, can be obtained by Eq. (13).

k, =exp {a[l — gl ]} (12)

k, =—an+b

dry —

(13)

where a, b and o are parameters determined by soil characteristics.
4.4 The New Model

4.4.1 Theory

Compared with other minerals commonly found in soil, quartz
has a higher thermal conductivity (Horai, 1969; Ramazan, 2007,
Suekuni et al., 2012), some studies have shown that the content
of quartz in soil is outstanding in regard to the soil thermal
conductivity (Lu et al., 2007; Tarnawski et al., 2009). Given that
different soils have different mineral compositions, it is
nonrigorous to fit one thermal conductivity model to different
soils.

In this model, it is assumed that the solid particles, water, and
air in the soil are evenly distributed, the solid, liquid and gas
phases of soil play a simultaneous role in the process of heat
transfer. Here, a sphere is used to represent a basic unit of soil,
and each unit contains solid, water and gas phases. The heat
transfer between one unit and another unit in contact with it is
shown in Fig. 4. If we let the volume and radius of the soil
microunit be V and R, then R can be represented by Eq. (14).

R:32
\ 47

The equivalent radius of solid and pore in the soil microunit is
represented by Egs. (15) and (16).

(14)

R =20 (15)
4r
3nV
&= (16)

The tortuosity 7 is considered to reflect the microstructural
characteristics of soil as porous media and can be represented by
Eq. (17). Here, C represents the length of the route, and L is the
distance between the two ends.

e (17)

When considering the soil pore, the heat transfer path between

soil
~
7~
Micro-unit

Fig. 4. Geometric Models of Heat Transfer Routines
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Table 3. Mineral Composition of Loess

Clay minerals Other minerals
Minerals Others
Illite Montmorillonite Kaolinite  Chlolite Quartz Potash feldspar  Plagioclase Calcite
Content/%  15.5 9.4 1.7 2.3 39.6 3.6 8.7 18.1 1.1
Table 4. Thermal Conductivity of Some Minerals (W-m "-K )
Anorthosite Basalt Diabase Dolostone Gabbro Gneiss Granite
1.8 1.7 2.3 3.8 2.2 2.6 2.5
Feldspar Limestone Marble Quartzite Sandstone Schist Shale
2.3 2.5 32 7.7 3 1.5 2
Syenite Trap rock Kaolinite Calcite Salt rock Dolomite
2 2 2.6 3.57 5.6 4.7

two soil microunits is L =2R, while the heat transfer path
between two soil microunits considering the pore can be
represented by Eq. (18).

C=2R +2R, (18)

By substituting Egs. (14) — (16) and (18) into Eq. (17), the
tortuosity can be represented by Eq. (19).

T:%:%h—;ﬁ% (19)
The thermal conductivity is expressed as Eq. (20).
DL
ko=——
V= TIAT (20)

where @ represents the heat transferred, L is the length of heat
transferred, 4 indicates the heat transfer area, and AT is the
difference in temperature between the two sides. Considering the
soil tortuosity, the formula of the thermal conductivity can be
expressed as Eq. (21).

k =thk,=RN=n+In)k, @1

It is assumed that the three phases of solid-liquid-gas in clay
are evenly distributed. The solids and pores in each soil
microelement in the soil are involved in heat transfer. For
unsaturated soil, its thermal conductivity is estimated by Eq. (22)
considering the different contributions of particles, liquid and air
in soil to the thermal conductivity.

__ 7, 1-ng nS, . n(1-S,)
kg =k kS k!

According to Egs. (21) and (22), Eq. (23) is derived to calculate
the thermal conductivity of unsaturated clay.

k= QR=n+3dnyk e

(22)

(23)

4.4.2 Verification of the New Model

The thermal conductivity of different minerals differs greatly, the
difference in mineral composition in soil has different effects on
the soil thermal conductivity. Therefore, the proportions of the

contents of different minerals in the soil is a key factor in
obtaining an accurate thermal conductivity model of soil. To
determine the proportion of various mineral components in the
tested soil, the percentages of different mineral components were
obtained by X-ray diffraction, and the results are listed in Table 3.

According to the thermal conductivity of minerals given in
the literature (Sass et al., 1971; Andersland, 1978; Johnston,
1981; Coté and Konrad, 2005; Coté et al., 2011; Gao, 2015),
Table 4 presents the thermal conductivity of some minerals
commonly found in the soil.

By substituting these values into Eq. (10), the solid phase
thermal conductivity is obtained.

k, =[]k, =3.669mm "K'

J

@4

The liquid thermal conductivity is recorded as k, = 0.599
W-m™K™', while that of air is k,= 0.024 W-m™"-K"". Substituting
these values into Eq. (23) can obtain the thermal conductivity of
clay with various porosities and saturation levels. Fig. 5 shows
the comparison between the tested data and the calculated model
values. The model proposed in this paper has good agreement
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with the actual data, which shows that this model has a good
accuracy for predicting the thermal conductivity of clay.
Because the soil temperature is considered to be strongly
related to the thermal properties of soil (Campbell, 1995; Bao
et al., 2019; Massman, 2012), the experimental data in this
study are obtained based on the ambient condition of 20°C. It
should be noted that the model has not been verified to be
applicable for frozen soil in low-temperature areas and high-
temperature underground soil involved in thermal energy
pipelines or surface fire.

5. Model Evaluation

Thermal conductivity data and the mineral data of soil from nine
regions in the literature (Campbell et al., 1994; Tarnawski et al.,
2002; Barry-Macaulay et al., 2013; Zhang et al., 2014; Luo et al.,
2015) were collected and substituted into the four models to
investigate the applicability of the prediction models. Table 5
presents the LL, PL, specific gravity and k; of these soils. Table 6
presents the mineral components of these soils. The thermal
conductivity values of solid fraction of the three soils, Salkum
Soil, Royal Soil and Volkmar Soil (Campbell et al., 1994), are
given in Table 5, so the mineral components of the three soils are
not shown here.

The Johansen model (Johansen, 1975), the Coté and Konrad
model (Coté and Konrad, 2005), the Lu et al. model (Lu et al.,
2007) and the new model were evaluated with the thermal
conductivity test data of soils listed in Table 5, the relationship
between the calculated values of the models and the actual data is
shown in Fig. 6.

Table 5. Basic Properties of Soils

Table 7. RMSE of Four Models

Johansen model (Johansen, 1975) 0.89
Coté and Konrad model (Coté and Konrad, 2005) 0.41
Lu et al. model (Lu et al., 2007) 0.93
The new model 0.33

Table 7 shows the RMSE of the four models. The new model’
RMSE is at a minimum among the four models. The new model
assumes that the three phases of solid, water and gas in clay are
uniformly distributed, which is a balance more difficult to
achieve in sand and silt. The new model takes into account the
parameters in the process of heat transfer - tortuosity, the content
of different minerals in clay and the distribution of water in clay
pores. Combined with the comparison shown in Fig. 6, it can be
concluded that the new model is doing well in predicting the clay
thermal conductivity within a reasonable error range.

6. Conclusions

The water content and dry density of the soil have a significant
influence on the thermal conductivity of the soil. The thermal
conductivity of the soil increases as the water content and the dry
density of the soil increase. Compared with dry density, the
effect of water content on clay is more significant.

The thermal conductivity prediction model proposed in this
paper takes into account the effects of different mineral compositions
and tortuosity and the proportion of moisture in the pores. The
accuracy of this model is verified by soil thermal conductivity

LL PI Specific gravity k,(W-m “K "

Silty Clay (Henan) (Luo et al., 2015) — 8.1 2.70 —
Loess (Lanzhou) (Zhang et al., 2014) 28.8 10.8 2.71 —
Clay (The Brazil City) (Zhang et al., 2014) 27.5 13.0 2.70 —
Clay (Liangzhu) (Zhang et al., 2014) 40.7 18.5 2.70 —
Brighton Group Clayey Sand (Barry-Macaulay et al., 2013) 28.8 10.8 2.59 —
Basaltic Clay (Barry-Macaulay et al., 2013) 70.0 50.0 2.67
Salkum Soil (Campbell et al., 1994) — — — 221
Royal Soil (Campbell et al., 1994) — — — 2.57
Volkmar Soil (Campbell et al., 1994) — — — 4.71
Table 6. Mineral Component of Soils (%)

Quartz  Feldspar  Calcite ~ Dolomite Illite Montmorillonite Others
Silty Clay (Henan) (Luo et al., 2015) 40 — — 30.1 12 8 10
Loess (Lanzhou) (Zhang et al., 2014) 29.3 19.7 24.3 12.7 5.3 8.7
Clay (The Brazil City) (Zhang et al., 2014) 39.2 12 3 32 2.8 — 11
Clay (Liangzhu) (Zhang et al., 2014) 78.0 11 — — 5 — 6
Brighton Group Clayey Sand 63 — — — — 33
(Barry-Macaulay et al., 2013)
Basaltic Clay (Barry-Macaulay et al., 2013) 57 5 — — — 38 —
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Fig. 6. Measured k Compared with Calculated k: (a) Johansen Model, (b) Coté and Konrad Model, (c) Lu et al. Model, (d) The New Model

data collected from ten regions. When compared to three similar  QRCID
soil thermal conductivity prediction models, the new model
shows an improvement in the prediction of the thermal conductivity =~ Not Applicable
of unsaturated clay.
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