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Abstract. Thermal energy storage in compacted soils can be considered as a new economically efficient and
environmentally friendly technology in geotechnical engineering. Compacted soils are usually unsaturated;
therefore, reliable estimates and measurements of their thermal properties are important in the efficiency
analysis of these structures. In this study, a method is used to estimate the thermal properties of an unsaturated
compacted soil. Several temperature sensors were placed in a thermo-regulated metric scale container to
monitor the imposed temperature variation in the range of the 20 to 50 °C. This imposed temperature variation
reproduced the temperature variation in the thermal energy storages. An inverse analytical model based on a
one-dimensional radial heat conduction equation is used to estimate the thermal diffusivity using the
temperature variation between two temperature sensors. The volumetric heat capacity was measured using a
calorimeter in the laboratory, enabling the estimation of the thermal conductivity of the compacted soil. Then,
this estimated thermal conductivity was compared with the thermal conductivity values measured with two
other methods (steady-state and transient-state method). The difference between them are discussed in terms
of the sample heterogeneity, sample size, and measurement method.

1 Introduction
The sun is a renewable source of thermal energy. It
provides a relatively clean, abundant and safe source of
energy [1]. Various techniques have been developed to
store thermal energy of sun during summer in a proper
medium to be preserved and later discharged for
utilization in the demanded period. Several studies have
shown that thermal energy storage in geologic storage
media is a pertinent technique [2-4]. A few study deal with
the use of compacted soils, due to their appropriate
thermal properties and ease of access [5].
In geotechnical engineering, different types of
structures are made of unsaturated compacted soil, for
example, road, rail embankments and dikes. Generally,
these linear structures contain several layers of
unsaturated compacted soils. Horizontal heat exchanger
loops can easily be installed in these layers during the
construction phase [6,7]. The proper design of an
embankment to store the thermal energy requires the
knowledge of the compacted soil thermal properties to
optimize the efficiency of heat storage. The thermal
properties that affect the capacity for heat storage are the
volumetric heat capacity Cv (J.m-3.K-1), the thermal
conductivity λ (W.m-1.K-1) and the thermal diffusivity α
(m2.s-1). The relationship between these thermal
properties is as follow:
α=
(1)
The soil thermal properties depend on its physical and
hydro-mechanical properties, such as the mineral
composition, degree of saturation and dry density [8-10].
*

The variation of these properties coupled with the thermal
solicitations in unsaturated soil can reach a high level of
complexity, which causes difficulties in evaluating the
thermal properties of these soils [11-13]. Additionally, in
an unsaturated soil, due to such a complex multiphase
medium, the heat is transferred by two different modes:
conduction through the solid particles, and convection
through the gaseous and liquid phases. Due to the
complex combination of these phases in unsaturated soil,
most of the measurement and estimation methods to
evaluate thermal properties are based on the solution of a
one-dimensional heat conduction equation assuming a
homogeneous soil [14,15].
The steady-state or transient-state methods are two
laboratory methods to measure the thermal properties of
soils [16,17]. On the one hand, the centred hot plate
method is a steady-state method that is used to measure
the thermal conductivity when the heat transfer flux
through the soil sample remains unchanged over time
[18]. On the other hand, a transient-state method like
thermal needle probe method measures the thermal
properties during the unsteady heat transfer process in the
laboratory and in the field [19,20]. However, the transientstate method only measures a single reading at the
corresponding time and cannot measure the temperature
profile along the depth of the soil in the field, which is the
inherent limitation of this technique [14].
In the field, the thermal diffusivity can also be
estimated by temperature monitoring method, using
different temperature sensors at different depths in the soil
near the surface of the ground [14,21,22]. Based on these
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2.3 Thermal conductivity measurement

methods, different analytical and numerical models were
proposed to predict the heat transfer function and
consequently the apparent thermal diffusivity of the
medium from the observed temperature variations. Gao
et al. [23] and Rajeev & Kodikara [14] used simplified
analytical models with the hypothesis of a sinusoidal
temperature variation of the soil surface (sinusoidal
boundary condition), which is not always validated in
thermal energy storage since the duration of the cooling
period is not necessary as long as the heating period.
Jannot & Degiovanni [24] proposed a simple inverse
analytical model to estimate the thermal properties of
powders or granular materials. In this method, the transfer
function is not dependent on the shape and intensity of the
heat flux or the external boundary condition (like soil
surface in the field). In this temperature/temperature
method, first, the transfer function between two recorded
temperatures is modelled, and then an associated inverse
analytical model is proposed to estimate the thermal
diffusivity. In this paper, this analytical model was
adapted and applied to estimate the thermal diffusivity of
an unsaturated compacted soil, by monitoring the
temperature of a large-scale sample when subjected to
temperature variation cycles [24]. Then, the volumetric
heat capacity, was measured in the laboratory to estimate
the thermal conductivity using Eq. (1). This estimated
thermal conductivity was compared with other thermal
conductivities that were measured in the laboratory with
different methods.

The thermal conductivity was measured using two
different laboratory methods:
Transient-state method: a KD2 Pro Analyser and a
single-needle probe (TR-1) with a 2.4 mm in diameter and
100 mm in length were used to measure the thermal
conductivity [28]. In this method, the heat flux was
applied on the upper part of the needle, whereas the
temperature measurement was performed on the bottom
part of the needle (Figure 1). Tested soil was compacted
statically in 3 layers in a standard Proctor mould (0.116 m
height and 0.101 m diameter).

Figure 1: Compacted soil sample for KD2 pro

Steady-state method: the centred hot plate method [29]
consists of inserting a thin planar heating element between
the soil and a reference material of known thermal
conductivity (Figure 2). The temperature of heating
element was controlled using a stabilized power supply to
keep the 23 °C. The magnitude of power applied was 1747
W. The soil samples were compacted statically in a
special mould in a single layer (0.1 x 0.1 x 0.02 m ) using
a static compaction method. The assembly was inserted
between two aluminium plates that were maintained at a
constant temperature (T =15 °C) and placed in a
temperature-controlled climatic chamber (Ta= 23 °C).
The equations used to calculate the thermal conductivity
are described and explained in Lahoori et al. [30].

2 Material and methods
2.1. Material
In this study the tested soil was extracted from the Paris
region in France. Before being used in the laboratory, the
soil is dried, pulverized and sieved through a 2 mm sieve.
A complete characterization of the studied soil was given
in Boukelia [25]. The standard Proctor curve of the
material [26] showed an optimum water content (wopt) of
16% and a maximum dry density (ρd) of 1.81 Mg.m-3.
This soil is classified as a sandy lean clay, CL, according
to the Unified Soil Classification System [27]. The
reference compaction state in this study was a water
content of 16.3% and a dry density of 1.72 Mg.m-3.
2.2 Volumetric heat capacity measurement
A micro differential scanning calorimeter (DSC,
SETARAM µdsc3) was used to measure the specific heat
(Cdry) of dry soil at different temperatures. The specific
heat (Cp) of soil with a mass water content (w) at 20 °C
can be deduced by:

Figure 2: Scheme of centred hot plate device; where 𝑇 is the
temperature of heating element, 𝑇 and 𝑇 are temperatures of
the aluminum plates and 𝑇 is the temperature of the air.

2.4 Temperature-temperature method
C =
(2)
where Cwater is the specific heat of pure water (Cwater =
4180 J.kg-1.K-1 at 20 °C). The volumetric heat capacity Cv
(J.m-3.K-1) is then given by:
C = ρC
(3)
where ρ is the density of the wet soil (kg. m ).

2.4.1 Sample preparation for temperature monitoring
To prepare the sample for temperature monitoring, the
soil was compacted statically in several layers in a
thermo-regulated metric scale container with a height of
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0.8 m and a diameter of 0.6 m using a pneumatic
compactor (Figure 3). Five temperature sensors, PT100 (6
mm in diameter and 60 mm in length), were positioned in
different layers of the compacted soil (T3 to T7, Figure 3)
and plugged into a data logger to monitor the temperature
variation in different layers of the compacted soil. To
induce the temperature cyclic variations, an ethylene
glycol-water solution was circulated through a stainless
steel tube which was welded to the outside of the
container (Figure 3). The heat flux was applied over the
radial direction. A heating-cooling system heated the soil
from 20 to 50 °C and then cooled it down to 20 °C. Special
attention was paid to insulate the container against heat
exchange with atmosphere and preserve the initial water
content (Figure 3).

distance of the temperature sensors from the axis of the
container), α is the thermal diffusivity (m2.s-1), t is the
time (s), R is the radius of the container (m) and Ti is the
initial temperature of the sample (K).
T=T

Setting:

T,

(7)

The Laplace transform of Eq. (4) leads to Eq. (8), where
P is the Laplace parameter (s-1), θ(r,p) is the Laplace
transform of T t and α is thermal diffusivity (m2.s-1):
= θ
This equation may also be written as:
= θ with: u =

(8)

r = qr

(9)

The general solution of this equation is [29]:
BK qr
(10)
θ r, p = AI 𝑞𝑟
where I0 is the modified Bessel function of the first kind
of order 0, K0 is the modified Bessel function of the
second kind of order 0, A and B are constants.
The heat flux is null for r=0 so B=0 since lim K qr = 0.
→

Hence:
θ r, p = AI qr
(11)
The Laplace transform Hp of the transfer function F(t,α)
(s-1) between two temperatures T r and T r with r
r is:
,
H =
=
(12)
,

This function only depends on the thermal diffusivity.
θ r ,p =
θ r ,p
(13)
T r ,t = ℒ

2.4.2 Inverse analytical model

Tr
= Tr
⊗ F t, α
H p, α
(15)
with:
F t, α = ℒ
The minimization of the sum of the squared deviations
is carried out with the Levenberg-Marquart algorithm, and
the function F(t,α) is calculated with the inverse Laplace
transform of Eq. (12) and the De Hoog algorithm [31]. As
indicated in Eqs. (14) and (15), this analytical model
depends on the thermal diffusivity and the transient
temperature variations at distances r1 and r2 from the axis
of the cylindrical sample. The temperature variations at
different distances from the centre of the container were
obtained from the experiment carried out in the
laboratory.

An inverse analytical model based on the onedimensional solution of the Fourier heat balance equation
is used to estimate the thermal diffusivity of the
compacted soil considering the temperature variations
between two temperature sensors. The estimation of
thermal diffusivity α (m2.s-1) is based on the transfer
function between the inlet and the outlet temperatures
[24].
The following hypotheses are considered in this
model:

-

the initial temperature of the compacted soil is
uniform;
the heat transfer is 1D;
the mass transfer is neglected.

3 Results

The inverse method is expressed by the following
equations. The transient heat conduction in the radial
direction in cylindrical coordinates is:
=

(14)

where ⨂ is the convolution operator.
The thermal diffusivity α is estimated by minimizing
the sum of the squared differences between the
and the modelled curve
experimental curve T r
calculated by a relationship of the type:

Figure 3: cross sectional view of the thermo-regulated metric
scale container and the temperature sensors (T2 to T7).

-

⨂T r , t

3.1 Thermal properties measurement using
laboratory method
The dry specific heat, Cdry of the dry material as a function
of the temperature was measured with a microcalorimeter. Then, considering the initial water content
(16.3%) of the tested samples, the specific heat of the soil
was calculated at 20 °C using Eq. (1): Cp=1322 J.kg-1.K-1.

(4)

With the boundary conditions:
(5)
T r, t = 0 = T , 0 r R
(6)
T R, t = T t
where T is the temperature (K), r is the radius (m) (the
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Temperature (°C)

The volumetric heat capacity evaluated was finally
calculated using Eq. (3). Cv= 2.64×106 J.m-3.k-1.
The thermal conductivity of the two samples was
measured with the needle-probe device (KD2 pro). The
average thermal conductivity of the samples was
approximately 2.46 W.m-1.K-1 (Table 1).
Two tests were performed with the centred hot plate
method (Figure 2). The first test lasted 2 days, and the
second test lasted 6 days. T denotes the temperature of
the heating element controlled by the electrical intensity.
During the tests, the temperature of the heating element
(T ) was 24.3 ± 0.76 °C, and the temperature of the
aluminium plate (T ) was 14.5 ± 0.5 °C. The temperature
difference between the heating element and the
aluminium plate induced a one-dimensional heat flow
from the heating element through the sample towards the
aluminium plate. The temperature of the surrounding air
in all the tests was kept constant at 23 °C to ensure 1D
heat transfer in the center of the sample. During the
second test, after one day, the thermal conductivity
decreased from 2.08 to 2.05 W.m-1.K-1. This decrease
could be explained by considering the water evaporation
under heating, as the sample water content decreased from
16.3% to 14.66%. The average thermal conductivity of
the compacted soil for both tests was 1.97 W. m . K
(Table 1).

Thermal needle probe
Centred hot plate

35

25

0

20

40

Time(hours)

60

80

Figure 4: Temperature variations in the compacted soil at
various locations in a thermo-regulated metric scale container:
heating-cooling cycle (20-50-20 °C).
Table 2: Estimated thermal diffusivity α and thermal
conductivity λ of compacted soil in the thermo-regulated metric
scale container; r1 and r2 are the distance of the sensors from the
axis of the container.
Tr2

λ
𝑊. 𝑚

45

15

Table 1: Thermal conductivity 𝛌 (W.m-1.K-1) of compacted soil
Method

T3
T4
T5
T6
T7

.𝐾

2.47

Tr1

r2

α

λ

T3

T4

m
0.25

m
0.15

10-7 m2.s-1
0.99

W.m-1.K-1
2.61

T3

T5

0.25

0

1.00

2.64

T4

T5

0.15

0

1.03

2.71

T6

T5

0.15

0

0.84

2.21

T7

T5

0.25

0

0.9

2.37

T7

T6

0.25

0.15

0.93

2.45

9.4

2.47

Average

1.97

r1

Figure 5a shows the temperature recorded with the T5
and T6 sensors, and Figure 5b compares the experimental
records with the results of invers analytical model Eq.
(15). The residuals which are the difference between
measured temperature and values from invers analytical
model are much lower than 0.02 °C for a maximum
temperature increase of 27 °C, which shows a good
agreement between the experimental measurements and
the analytical model results and validates the applicability
of the 1D heat conduction model (Figure 5b). Lahoori et
al. [30] analysed in detail the sensitivity of this inverse
analytical model according to the uniqueness of the
solution, the standard deviation of the temperature
recorded by the sensors and the errors due to the distance
variations of the sensors from the axis of the container.
The volumetric heat capacity (2.64×106 J.m-3.K-1) was
used to calculate the thermal conductivity λ (W.m-1.K-1)
using Eq. (1). The average obtained value was 2.51±0.23
(W.m-1.K-1).

3.2 Thermal properties estimation by inverse
analytical model
Different temperature sensors were placed in different
layers of the compacted soil (Figure 3). It should be noted
that the initial temperature of the compacted soil was 20
°C and the temperature variation was imposed through the
outer lateral surface of the container. Figure 4 shows the
temperature records of the temperature sensors T3, T4,
T5, T6, and T7. The time to reach equilibrium at 50 °C is
different according to the distance between the
temperature sensors and the source of the heat flux. Thus,
temperature sensors T7 and T3, which were closer to the
source, reached equilibrium quicker than the other
temperature sensors that were farther away.
Table 2 shows the thermal diffusivity α (m2.s-1) values
for each section between 2 temperature sensors (Tr2 and
Tr1). The average amount of thermal diffusivity was
9.6×10-7 m2.s-1. Busby [32] estimates the thermal
properties of different types of soils by utilizing a
database of soil temperature measurements taken at a
depth of 1 m. The range of the thermal diffusivity values
(5×10-7 ≤α≤10-6 m2.s-1) found by Busby [32] was
consistent with the thermal diffusivity values determined
in this study for soils with similar characteristics.

3.3 Discussion
The estimated values of the thermal conductivity
measured
by
the
inverse
analytical
model
(2.47 W. m . K ) and by the transient-state method
(2.46 W. m . K ) are very close. In contrast, the
deviation between the values obtained by the inverse
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transfer is smaller in the sample with low water content.
In the metric scale container, the water content of the
compacted soil varied slightly. This condition was close
to the transient-state method as the measurement is
relatively quick and the initial condition does not change.
The dimension of the samples could also explain these
difference. The transient-state and centred hot plate
measurements are performed on small-scale samples,
whereas the estimated thermal conductivity was
calculated from large-scale soil sample. The large-scale
samples present more heterogeneity in terms of soil
characteristics like mineralogy, granulometry, water
content, density. therefore, the measurement values are an
average of all these varieties.
In the field, two temperatures sensors can be placed at
different distances from the heat exchanger tubes to
monitor the temperature variation in an arbitrary
cylindrical surface. In that way, the heat transfer will be
measured in every direction in order to take into account
the heterogeneity of the soil mass. It should be noted that
this method is validated for the 1D heat transfer.
Therefore, the temperature monitoring sensors should be
placed in the distance lower than the impact area of the
other horizontal heat exchanger tubes. For example, if the
distance between two heat exchangers is 3 m the sensors
position has to be in an arbitrary cylindrical surface with
a diameter lower than 1.5 m. This method could ensure
real-time monitoring of possible future applications of
thermal energy storage in compacted soils like
embankments or other configurations.

analytical model and the centred hot plate method (1.97
W. m . K ) is 20% lower.
30
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Figure 5: a) temperature evolution recorded by T5 and T6
sensors b) comparison between the experimental and the model
values for T5 evolution.

4 Conclusions

In the compacted soil the heterogeneity plays an
important role on the value of the thermal conductivity.
The compacted soil is anisotropic, with a higher thermal
conductivity in the radial direction [33,34]. Due to the
sample preparation method, in this study, several layers
were statically compacted in order to reach the desired
density and homogeneity. The thermal conductivity
estimated and measured parallel to the layering (in the
metric scale container and with the thermal needle probe)
were found to be higher than that measured perpendicular
to the layering (in centred hot plate). Therefore, it can be
concluded that the soil anisotropy could be an influencing
factor on the axial and radial direction measurements.
Other difference between these values originated in
measurement methods. In centred hot plate method, the
thermal resistance between the heat element and the soil
sample is neglected [30]. A thin layer of the air between
the soil sample and the heat element, could provide a
thermal resistance [35]. Therefore, this thermal resistance
reduces the heat flux through the soil sample and
consequently reduces the soil thermal conductivity. Also
the centred hot plate is a steady state method and the time
to reach temperature equilibrium (48 to 144 hours) is
higher than transient-state method (10 minutes). During
the time consuming test for centred hot plate, the water
content decreases. The water plays a bridge role between
the soil particles increasing the heat transfer and
consequently increasing the effective contact area
between the soil particles [36]. As a result, the heat

In this study, the thermal properties of an unsaturated
compacted soil were investigated. An inverse analytical
model was applied on an unsaturated compacted soil to
estimate the thermal diffusivity. One of the main benefits
of this method is that it only requires the measurement of
time series of temperature at two locations. The thermal
conductivity was then estimated using the volumetric heat
capacity measured by calorimetry. This value was
compared with the value obtained with a transient-state
method and the results showed a good agreement.
The main advantage of this method is its application
for in situ measurements taking into account, the transient
heat conduction in the radial direction.
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