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Abstract
Soil’s thermal proprieties are of extreme importance in the engineering field, namely in situations where
advantage is taken from the heat generated by the soil. The main issue with heat transference is its complexity
and wide range of variables which makes it difficult to predict. Such prediction is important for modelling
geothermal structures. In this sense, its behaviour must be studied for each soil property to grasp its relevance
and contribution to these characteristics. The primary focus of thermal properties is soil thermal conductivity.
It can be defined as the rate according to which the energy goes through a unitary area of soil due to a unit
temperature gradient is studied.
For this purpose, samples from white kaolin, compacted with three different void ratios were investigated.
Then they were exposed either to a wet or drying path, using vapour equilibrium technique, in which the
samples are placed in a closed environment with controlled relative humidity. Trough water changes, after few
months, the equilibrium is reached for both pats, to get different suctions, water contents and degrees of
saturation. WP4 equipment was used for suction measurement, , and water content was determined by drying
the samples at 100 ºC in an oven. To get the thermal properties of the soil (thermal conductivity, thermal
capacity and diffusity) it was used a thermal probe, ISOMET, previously calibrated. This study was made for
different temperatures, 25ºC e de 60ºC. With the final values it was possible to confirm that thermal
conductivy increases with the increase of the degree of saturation and with the decrease of void ratio. With
this result it was also possible to determine a proper relation for thermal conductivity and degree of saturation,
applicable for each void ratio studied. No significant differences for the wetting and drying path were
observed.
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1 INTRODUCTION
The work presented is part of a research project
in which the efficiency of geothermal systems is
investigated (project FCT reference PTCDT/ECMGEO/0728/2014). It is based in a case-study of a
building in Aveiro Campus University, equipped
with a shallow geothermal heat pump system
designed to support most part of the energy
demands for the building’s acclimatization. This
approach represents an environmental and
economic improvement to the traditional solutions.
It is based in promoting heat exchanges between
the soil and the building. The efficiency of this
method depends on the thermal properties of the
soil.
The objective of the work presented here was to
study soil´s thermal properties and relate soil

characteristics with different environmental
conditions. A thermal-hydraulic experimental
study was done to determine how heat capacity,
thermal diffusivity and thermal conductivity
depended of the soil suction, water content, void
ratio and temperature.
The soil used in this investigation was white
kaolin. The samples were compacted with three
void ratios, 0.7, 0.9 and 1.2 for the same water
content of 25%. Each void ratio was studied
considering different degrees of saturation,
obtained by vapour equilibrium in environments
which relative humidity corresponded to 6
different suctions (0, 1, 5, 15, 49 and 85 MPa), and
for two different temperatures, 25ᵒC and 60ᵒC.
The hydraulic properties of the samples were
also measured using a water dewpoint device,
WP4, to measure suction present in each sample.

The results obtained were used to get the water
retention curve for each void ratio and each drying
and wetting path.
With the final values of the samples, after
calibration, and using the equations available in
the literature, it was possible to determine the one
that best fits the compacted kaolin thermal
behaviour, regarding thermal conductivity versus
degree of saturation. The relationships between the
thermal properties and suctions were also
determined for the different void ratios studied.

contacts between the different elements. This is
illustrated in figure1.

2 LITERATURE REVIEW
The heat transfer in soils, for temperatures
above 0ᵒC, is mainly due to conduction and
secondly to convection. Radiation effects can be
ignored. When the soil has a fine grain size, the
heat transfer process can be simplified only to
conduction phenomena (Brandle, 2006).
Heat conduction consists of heat transfer
process were energy is transferred from a place
with higher energy to another with less energy,
through molecular collision. This heat transfer
process takes the available paths in the soil, with
maximum values in the soil-soil interface (Farouki,
1981).
Several studies have been made in order to
understand the thermal behaviour of soils.
Nevertheless, several factors must be considered,
because natural soil has three different phases,
solid, liquid and gas, all interacting.
The soil porosity depends on particles positions
and size. The increase of soil porosity leads to a
decrease in the soil dry density, and with that to a
decrease in thermal conductivity. This can be
explained due to the soil composition, which is
mainly soil, water and air, and to the thermal
conductivity of each element which decreases in
that order, knowing that the soil has a conductivity
between 1.4 a 3 W/m.K, the water 0.591 W/m.K
and the air 0.024 W/m-K. (Farouki 1981).
The soil porosity (n) is related with the dry
density ( ) of the soil as seen in the next
expression ( - weight soil unit):

Therefore, a decrease in the soil porosity
represents an increase in the soil dry density and
consequently an increase in the thermal
conductivity, due to the increase of solid particles,
the decrease of pore space and the improvement of

Figure 1 : Soil thermal conductivity vs dried unit
weight (Farouki, 1981)

Soil thermal conductivity ( ) represents the heat
transferred through a time unit and a soil unit area
(A) and it is expressed in
(Farouki
1981). It is defined in the following equation

(q - thermal flux; T2 and T1 - temperature
gradient in the length l. In the natural soil this
temperature gradient is not constant due to diurnal
gradients.)
The specific heat (ϲ) it’s a measure of the
capacity of the material to absorb thermal energy,
or the amount of energy required to raise 1ᵒC per
volume unit, 1Kg. It is expressed in
.
Thermal diffusity (α) is related with the depth
and velocity of a thermal wave in the soil,
expressed in the following equation

In order to understand the thermal behaviour of
the soil it is important to consider the water
content present and how it varies in depth. Figure
2 illustrates how the water content in the soil
changes according to the seasonal temperature
cycles.

suction ( ), in order to describe the hydraulic
properties of the soil.

Figure 4: Electric charge between clay particle and water
dipoles (Farouki, 1981)
Figure 2 : Water content variation with depth
(Farouki, 1981)

Accordingly, with figure 2, with an increase of
water content it is expected to get an increase of
soil thermal conductivity due to the replacement of
air spaces with water in pore spaces (Farouki
1981). This increase varies with the type of soil as
it can be seen in figure 3.

The equation used to calibrate the curves for
the values obtain was de Van Genuchten (1980),
equation 4, were P and λ are calibration constants.

There are three equations (Eq. 5, 6 and 7)
(Farouki, 1981), relating soil thermal conductivity
( ) and the degree of water saturation
,
assuming parallel, series or geometric average
arrangements for the different phases):

Figure 3: Thermal conductivity vs water content in different
soils (Farouki, 1981)

The soil selected was a clayey soil, which is a
fine soil and therefore with a large specific surface,
which brings an important role to the water
present. Clay soils have a substantial interaction
with water, which affects their volumetric
behaviour. As seen in the figure 4 the electric
charges present in the clay particles interact with
the electric dipole present in the water molecules,
by attracting positive charges and repulsing
negative ones.
The soils permeability is a very important
factor for the thermal behaviour of the soil. The
non-saturated permeability can be found in the
water retention curves. These curves relate the
water content (w) present in the soil with its

In these equations
and
, are the soil
thermal conductivity when saturated and dry,
respectively. These equations do not consider
different temperatures or void ratios. Those
determinations were done during this investigation
and were studied for the three void ratios to
conclude which one best fit the white kaolin
thermal behavior.
In clay soil, due to volume and geometrical
changes with the presence of water and different
temperatures, the history of the soil takes an
important role.
Smith (1942) noticed that a cracked soil has
less thermal resistance and therefore a decrease in
thermal conductivity. Farouki (1981) through
experimental results showed that the effect of
water content in the soils conductivity changes
when submitted to wetting and drying paths, as
illustrated in figure 5.

Table 1 : Soil properties

Figure 5: Thermal conductivity vs water content for
the wetting and drying paths (Farouki, 1981)

Alternate cycles of wetting and drying in the
soil lead to a loss of mechanical resistance. This
effect is pronounced in clay soils with high
plasticity.
The compaction of the soil is a mechanical
process where energy is introduced to reduce soil
volume with the elimination of air pore space. This
process leads to an improvement of soil resistance,
decrease of permeability, increase of the soil dry
density and an increase of thermal conductivity.
The energy applied in this process will determined
the final soil density. Each energy applied has a
different compaction curve (Maranha das Neves,
2006).
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The white kaolin powder dry volume weight is
25,1 kN/m3 (Gingine e Cardoso 2015) determined
with NP-83 (1965) and has water content in
laboratorial environment of 1,96%. The X-ray
diffraction (XRD) tests used to identify the
chemical and mineralogical composition of the
soil, detected the presence of kaolinite, muscovite
minerals and quartz.
For this study the samples tested were
compacted to get selected characteristics. Table 2
presents a summary of the soil characteristics for
each void ratio adopted.
Table 2: Characteristics for each void ratio

n

Sr

(%)

(%) (kN/m3)

1.2±0.05
0.9±0.05

54.8
48.2

53.9 11.9
70.2 13.8

0.7±0.05

41.9

90.6 15.4

e

ϒd

3 MATERIAL AND METHODS
The soil used in this study was a commercial
white kaolin clay supplied in powder. According
to Gingine and Cardoso (2015) using a
sedimentation test, the soil main composition is
53% of silt and 40% of clay in mass, as observed
in figure 6.

For this process it was considered a water
content of 25% for all samples. The different void
ratios were achieved through a compaction process
that started with mixing the dry soil with distilled
water, followed by compaction in the molds in
four levels, controlling the mass in each. This
process is illustrated in figure 7.

Figure 6: Particles size distribution
Figure 7: Compactation process for each sample

In Table 1 below are the values of the Atterberg
limits, determined according to NP – 143 (1969).
The soil was classified as highly plastic silt (MH)
following ASTM D 2487 (1985), with low
activity. (Maranha das Neves, 2006).

The samples for the wetting path were placed in
the air or stove until drying and then were placed
in closed recipients containing an unsaturated
NaCl solution applying controlled relative
humidity to that environment. Therefore, suction
was applied by vapour equilibrium. Details can be

found in Romero (2001). The samples that belong
to the drying path were placed in the closed
recipients immediately after compaction. The
saturated samples were submersed and the dried
samples were left drying in the air.
Vapour equilibrium technique consists in an
applying a given RH to the environments and
therefore to the air of the soil pores. Suction  is
related to RH by Kevin law:

Table 4:Samples made for each void ratio and temperature

Path

Drying

Wetting

where M is the water molecular weight
(18.016 kg/kmol), ρ is the distilled water density
(998 kg/m3 at 293 K= 20ºC), R is the universal gas
constant (8.314 J/mol-1K-1) and T the absolute
temperature
In this study it was applied two different
temperatures, 25ºC and 60ªC. The suction imposed
is shown in Table 3.

Saturation (MPa)
0
1
5
15
39
85
0
1
5
15
39
85

Table 3: Suction values at different temperatures

100

Suction (MPa)
at 25ºC
0

Suction (MPa)
at 60ºC
0

99,3
96,4
89,5
75
50

1
5
15
39
85

1
6
17
44
106

HR (%)

Vapour equilibrium technique allows to control
the water content in the samples through its
relation with the degree of saturation Sr, both
related by equation 9.

The measurements were performed after the
RH established was attained.
All the samples made for each of the three void
rations and for both temperatures are in table 4.
The measurement were made for the samples at
25˚C. The results are in Table 5. The water content
was determined for each sample after the
measurement.
WP4C Dew Point Potential Meter (2004), WP4
was used to determine the water retention curve of
each sample, figure 8, by measuring total suction
in each sample.

Figure 8: WP4 equipment

The thermal properties were measured with a
thermal probe ISOMET 2114, shown in figure 9.
This equipment consists of a steel needle with
2.3mm diameter of and 10 cm long, which was
inserted in the samples. A hole to insert the needle
was made previously in all the samples to avoid
breakage.

Figure 9::Thermal probe ISOMET

This equipment has a thermal conductivity
range of 0,2-2,0 W/K.m, operating in the volume
with minimal dimension of 5cm diameter and 5 cm
height. The samples used had a smaller geometry.
Because of that the values were calibrated, in order
to eliminate errors due to boundary effects. For
this purpose, it was used a large sample, with 7cm
diameter and 14 cm long. The values obtained in
these large samples were compared with those

measured in the smaller ones for the same water
content, by using a logarithmic tendency lines.
A polynomial function is described by
equation:

where
are the values measured in the small
samples and
in the large ones. The symbols m1,
m2, b1 and b2 represent the constants for each
logarithmic tendency lines. The number 1
represents the values for the smaller samples and
the number 2 for the larger samples. Thereby the
final values for the thermal conductivity are
obtained with equation:

Table 6: Water content values for the samples at 25ºC

e
N1 (s =1 MPa)
N2 (s=5 MPa)
N3 (s=15 MPa)
N4 (s=39 MPa)
N5 (s =1 MPa)
N6 (s=5 MPa)
N7 (s=15 MPa)
N8 (s=39 MPa)

0.7

0.9

1.2

33,10

18,19

21,59

8,50
2,69

17,60
6,81

13,45
4,89

3,16
28,38

3,74
22,33

2,40
17,30

16,26
2,84
2,61

14,58
4,80
2,37

11,96
4,21
2,32

Table 7: Water content values for samples at 60ºC

e

In this equation
is the value for the thermal
conductivity measured in the small samples. This
calibration was done for all thermal properties.

4 EXPERIMENTAL RESULTS AND
DISCUSSION
4.1 Hydraulic Properties
As explained before with the use of the WP4 it
was possible to measure the suction values for
samples at 25ºC (Table 5) and water content values
for all samples. The final values are in the tables 6
and 7.
These data are important to obtain the water
retention curve and characterize the hydraulic
behaviour of the sample.
Table 5: Suction values from the WP4 for the samples at 25ºC

e
N1 (s =1 MPa)
N2 (s=5 MPa)
N3 (s=15 MPa)
N4 (s=39 MPa)
N5 (s =1 MPa)
N6 (s=5 MPa)
N7 (s=15 MPa)
N8 (s=39 MPa)

0.7

0.9

1.2

0,58
6,05
27,11
33,53
0,25
4,81
33,12
41,60

0,58
6,05
27,11
33,53
0,25
4,81
33,12
41,60

1,24
5,13
14,28
32,16
1,48
5,38
17,28
40,90

0.7

0.9

1.2

N1 (s =1 MPa)
N2 (s=5 MPa)
N3 (s=15 MPa)
N4 (s=39 MPa)
N5 (s =1 MPa)

20,64
27,96
5,33
10,80
17,52

16,11
13,03
8,36
2,18
17,53

18,28
12,07
4,74
6,17
23,16

N6 (s=5 MPa)
N7 (s=15 MPa)
N8 (s=39 MPa)

9,51
4,19
2,85

12,01
7,55
9,75

16,30
6,87
17,93

4.2 Water retention curve
Van Genuchten equation (Eq. 4) was used to
adjust the suction and water content values. To
achieve this, it was determined the constant values
presented in Table 8 using and iteration process to
minimize the error.
Table 8: Constant values for adjusting the retention curves
after the Van Genuchten equation

Drying
0,7
0,9
1,2

Wetting

P

h

P

h

1,40
0,85

0,35
0,37

0,45
0,60

0,35
0,40

0,10

0,23

0,08

0,25

Soil volume was assumed constant in both
paths. The water retention curves for each void
ratio are represented in figure 10.

4.3.2 Heat capacity
The final heat capacity measured for each water
content of the different samples, after correction, is
shown in figures 11 and 12.

Table 9: Medium values for the samples thermal diffusity

T=25ᵒ
Wetting
0,7
0,9
1,2

0,7
0,9
1,2

0,28
0,25
0,24

Drying
0,26
0,25
0,38
T=60ᵒ

Wetting

Drying

0,32
0,22
0,34

0,37
0,29
0,27

Figure 11: Heat capacity Vs water content ate 25ºC

Figure 10: Water retention curves for each void ratio

Figure 12: Heat capacity vs water content at 60ºC

4.3 Thermal Properties
4.3.1 Thermal Diffusity
The values for thermal diffusity do not vary
significantly with water content and soil suction.
Therefore, an average value for each void ratio and
path in both temperatures was considered. These
values are shown in the Table 9.

Analysing figures 11 and 12 it is possible to
conclude that heat capacity do not significantly
change with the different void ratios, in both the
drying and wetting paths. However, there is an
increase in the heat capacity values with the
increase of the water content. This can be
explained by the replacement of pore air space
with water, which has a higher thermal capacity.
At higher temperatures (60ºC) this increment
with the water content is less significant, what can

be explained by the increase in vapour pressure in
the soil pores with the temperature increase.
The final figures relating heat capacity with
suction values are in the figures 13 and 14.

Figure 15: Thermal conductivity vs water content at 25ºC

Figure 13: Heat capacity vs Suction at 25ºC

Figure 16: Thermal conductivity vs water content at 60ºC
Figure 14: Heat capacity vs Suction at 60ºC

The decrease of suction corresponds to an
increase to the samples water content, and, for the
reasons previously explained, it represents a better
thermal conductivity. Therefore, there is an
increase in the heat capacity with the decrease of
suction values. In this study, it was shown that the
void ratio of 0.7 has higher values for heat
capacity, but for the other two the values tended to
be similar. These results do not allow for better
conclusions on this regard.

4.3.3 Thermal Conductivity
The experimental data measured for thermal
conduction versus water content for both
temperatures and paths in this study are shown in
figures 15 and 16.

Analyzing these results, both figures 15 and 16
show an increase in thermal conductivity as the
void ratios decrease. This can be explained by the
increase in the solid volume in the total samples
volume, which as a higher thermal conductivity
than the other two phases present in the soil. The
more compacted the soil is the better the contact
points between the soil components. There is also
a raise with the water content values because of the
replacement of air space with water, as previously
explained.
The drying paths have higher thermal
conductivity values than the wetting ones. The
differences between paths are related with the
different ways the water appears in the soil: vapor
and liquid. The liquid water has a higher thermal
conductivity than the water vapor, which is more
frequent in the drying path. At higher temperatures
(60ºC) the differences between both paths are not
significant.
The plots for the thermal conductivity values vs
suction are in the figures 17 and 18.

Figure 17: Thermal conductivity vs suction at 25ºC:

change according to the void ratio and degree of
saturation.
The results obtained enable to determine that
equation 5 is the best to describe the white kaolin
thermal conductivity.
Through a graphic analysis, the conclusion
obtained was that the soil thermal conductivity
increases with the decrease of the void ratio,
because of the improvement of contact within soil
points and because of the bigger amount of soil
volume in the total sample volume. The soil has a
higher thermal conductivity than the water or air,
both present in the samples.
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Figure18: Thermal conductivity vs suction at 60ºC

The suction in the soil is related with the water
content by Kelvin's law, and so the patterns
observed in the samples are similar. In both
figures, as the void ratio and suction values
decrease there is an increase in thermal
conductivity. When the temperatures rise the
increase is less pronounced. In both temperatures
there is no significant difference between wetting
and drying paths.
Finally, it was possible to determine which
equation, 5, 6 or 7, previously presented, best fits
the thermal conductivity for the compacted white
kaolin, for each void ratio. The values achieved in
order the samples degree of saturation, presented
in figure 19, can be compared with the final
sample values after calibration. With this
comparison it was possible to conclude that
equation 5 is the best one for this compacted soil,
independently from void ratio.

5 CONCLUSIONS AND FUTURE
STUDIES
The main goal for this study was to investigate
how thermal properties of compacted white kaolin
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4.4 Final result analysis
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Figure 19: Equations from Farouki (1981) for the three void
ratios

With the increase of the water content there is
an increase in thermal conductivity. As suction is
related with the water content through kelvin
equation, similar conclusions were made, meaning
that the decrease of suction is linked to an increase
in thermal conductivity. Both these relations are
due to the replacement of air by water in the soil

pore space as the water has a higher thermal
conductivity than air.
With temperature raise there was an increase in
thermal conductivity. This was observed with
values of thermal conductivity obtained at 25ºC
and 60ºC. This can be explained by the increase in
the vapour pressure in pores, which brings a best
thermal flux.
The samples in the drying path usually present
higher thermal conductivity values. This is related
with the way water is present in the drying and
wetting paths.
This experimental study has certain errors
associated with sample preparation and the range
and readings of the equipment. In the final plots,
those concerning data from the void ratio of 0.9
had shown more errors associated.
The energy foundation approach represents a
geotechnical solution in development. For further
studies it would be interesting to investigate the
thermal behaviour of the soil at low temperatures
above 0ºC. It would be also relevant to do a
mechanical analysis of the soil related with its
thermal behaviour.
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