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ABSTRACT 
A thermal-hydro-mechanical (THM) coupled analysis must be considered for a more accurate 
simulation of the performance of shallow geothermal systems because thermal conductivity of 
soils depends on void ratio and degree of saturation and they change in depth. Knowing that 
this analysis will be done for CICFANO building in the University of Aveiro in a near future, a set 
of tests on reconstituted samples of the foundation soil (collected from 2-4m depth) was 
performed for the characterization of the thermal, hydraulic and mechanical properties of this 
material. The hydraulic properties analysed are the soil permeability and the water retention 
curve (WRC), the mechanical property analysed in this work is the soil compressibility and its 
dependence on water content and temperature and the thermal conductivity was also measured 
as function of the degree of saturation. Additionally, the parameters for Barcelona Basic Model 
(BBM) were determined assuming that this model would be suitable for describing the soil 
behaviour under stress and in an unsaturated state.  
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1. INTRODUCTION 
With the uprising usage of geothermal energy 
to acclimatize buildings, one has to analyse 
the influence on temperature changes on 
hydraulic and mechanical properties of the 
buildings foundation soils. The main goal of 
this study, is to determine the parameters 
necessary modelling the geothermal system 
integrated in CICFANO building in 
Universidade de Aveiro. This evaluation will 
be done using thermal-hydro-mechanical 
(THM) coupled analysis and can be 
performed with finite element program CODE 
BRIGHT. 

 

2. THM COUPLED ANALYSIS 
A thermo-hydro-mechanical coupled analysis 
(THM) considers the thermal, hydraulic and 
mechanical behaviour of the material, besides 
how they influence each other. Thermal 
properties, such as thermal conductivity, 
depend on both the void ratio (mechanical 
property) and the water content of the soil 
(hydraulic property). Hydraulic properties, 
such as permeability, also depend on the soil 
porosity (mechanical property) and on the 
viscosity of the water that changes with the 
temperature. Mechanical properties, such as 
strength and compressibility, depend on the 
degree of saturation and the temperature of 
the soil. Expansion can also occur due to 
heating (thermal property). 

2.1 Thermal properties 
Thermal conductivity is the soil's most influent 
property in a geothermal system. It depends 

on the thermal conductivities of each one of 
the three phases of the soil: solids, liquid and 
gaseous. 

The thermal conductivity is defined by the law 
of Fourier (Jan Taler & Piotr Duda, 2006), 
described by equation (1). 
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In which ΔQ is the transmitted thermal energy 
[J], Δt is the time period of energy 
transmission [s], L is the distance between 
points [m], A is the cross-sectional area [m2] 
and ΔT is the temperature difference [°K]. 

Farouki (1981) suggests three ways (equation 
(2), (3) or (4)) of describing the soil thermal 
conductivity depending on its saturated 𝜆𝑠𝑎𝑡 

and dry  𝜆𝑑𝑟𝑦 thermal conductivities and 

depending on the degree of saturation 𝑆𝑟: 

𝜆 = 𝜆sat ∗ √𝑆𝑟 + 𝜆dry ∗ (1 − √𝑆𝑟) (2) 

𝜆 = 𝜆sat
Sr ∗ 𝜆dry

1−𝑆𝑟 (3) 

𝜆 = 𝜆sat ∗ 𝑆𝑟 + 𝜆dry ∗ (1 − 𝑆𝑟) (4) 

The dry and saturated thermal conductivity 
can be either tested on laboratory or 

determined as a function of the porosity , the 
thermal conductivity of the solids 𝜆𝑠𝑜𝑙𝑖𝑑, of the 
liquid 𝜆𝑙𝑖𝑞 and of the gas 𝜆𝑔𝑎𝑠 that fills the soil 

pores. Two alternatives were suggested by 
Farouki (1981) (equations (5) and (6) or (7) 
and (8): 

𝜆𝑑𝑟𝑦 = 𝜆𝑠𝑜𝑙𝑖𝑑
1−𝜙

∗ 𝜆𝑔𝑎𝑠
𝜙

 (5) 



𝜆𝑠𝑎𝑡 = 𝜆𝑠𝑜𝑙𝑖𝑑
1−𝜙

∗ 𝜆𝑙𝑖𝑞
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 (6) 

Or 
𝜆𝑑𝑟𝑦 = (1 − 𝜙)𝑛 ∗ 𝜆𝑠𝑜𝑙𝑖𝑑 + 𝜙𝑛 ∗ 𝜆𝑔𝑎𝑠 (7) 

𝜆𝑠𝑎𝑡 = (1 − 𝜙)𝑛 ∗ 𝜆𝑠𝑜𝑙𝑖𝑑 + 𝜙𝑛 ∗ 𝜆𝑙𝑖𝑞 (8) 

Where n is a constant of the soil. These ways 
of defining the thermal conductivity show that 
mechanical properties of the soil, such as void 
ratio, influence the thermal conductivity. 
Hydraulic phenomena, such as water and air 
flow, also contribute to the thermal 
conductivity since each of them have different 
thermal conductivities. 

2.2 Hydraulic properties 

Hydraulic permeability 
The permeability of a soil, k, depends on the 
water viscosity and on the soils void ratio. It 
can be computed by Taylor's (1948) law 
(equation (9)). 

𝑘 = 𝐷2 ∗
𝛾𝑤

𝜇
∗
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∗ 𝐶 

(9) 

Where k is the permeability coefficient [m/s], 
D is the mean grain diameter [m], 𝛾𝑤 is the 
volume weight of the water [kN/m3], μ is the 
water viscosity, e is the void ratio and C is the 
form factor. 

The same soil with a higher void ratio than 
another of the same type has a higher 
permeability because there is more space for 
the water to flow between the solid particles. 
Additionally, the shape of the soil particles 
also influences the hydraulic permeability as 
they can facilitate or hinder the water pathway 
by increasing or decreasing permeability. 

 

Water retention curve 
The water retention curve, WRC, is the 
relationship between the degree of saturation 
or water content and suction, it depends on 
soil's void ratio. The curve is obtained by 
measuring the suction using psychometers 
(Cardoso, et al., 2006). 

Van Genuchten (1980) suggests that a water 
retention curve can be described by the 
following expression (equation (10)): 

𝑆𝑟 = [1 + (
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𝑃
)

1
1−𝜆

]

−𝜆

 

(10) 

Where P and λ are constants defined for each 
soil and void ratio. Since the water retention 
curve shows a hysteresis for the drying and 
wetting paths two sets of constants must be 
found. 

The unsaturated permeability 𝑘𝑟𝑙 can be 
obtained through the WRC, for example 

through the expression suggested by Van 
Genuchten (1980) (equation (11)): 

𝑘𝑟𝑙 = √𝑆𝑟 ∗ (1 − (1 − 𝑆𝑟
1
𝜆)

𝜆

)

2

 
(11) 

 
This coefficient can be used to calculate soil 
water infiltration considering the generalized 
Darcy's law 𝑣 = 𝑘 ∗ 𝑖 for the unsaturated case. 

The water retention curve also depends on 
the void index (coupled to the mechanical 
part) and temperature (coupled to the thermal 
part). This dependence is essentially reflected 
in the constants to be adopted for its 
calibration. P and λ. 

2.3 Mechanical properties 
As mentioned, the thermal conductivity of the 
soil and its hydraulic permeability and water 
retention depend on the void ratio which, in 
turn, is associated with soil deformation. The 
way in which the presence of water influences 
the volumetric deformation of soils is different 
for fine soils or coarse soils. 

Fine soils 
Fine soils show expansion or collapse in the 
wetting (respectively increase or decrease in 
volume, depending on wetting under low or 
high stress), or retraction in drying. This is an 
example of the hydro-mechanical coupled 
behaviour, as well as the fact that the strength 
and stiffness also depend on the suction. 

Suction is a new stress variable to be 
considered in the modelling of the behaviour 
of unsaturated soils. It is the difference 
between the atmospheric pressure 𝑢𝑎𝑡𝑚 and 
the pressure in the fluid 𝑢𝑙𝑖𝑞 (equation 12). 

𝑠 = 𝑢𝑎𝑡𝑚 − 𝑢𝑙𝑖𝑞 (12) 

The principle of effective stresses (defined by 
Terzaghi) is not valid for unsaturated soils and 
there are many models for this type of 
materials, the first one to appear, the 
Barcelona Basic Model BBM (Alonso et al., 
1990) defines an alternative stress variable, 
net mean stress 𝑝∗. It is mean compression 
stress defined by equation (13): 

𝑝∗ = 𝑝 − max{𝑢𝑎𝑡𝑚; 𝑢𝑙𝑖𝑞} (13) 

This stress becomes the effective mean 
stress when the ground is saturated and BBM 
becomes the Modified Cam Clay Model CCM. 
For the calculation of deformations due to 
mean compression stress variations, the 

elastic compression index  is defined, 
independent of suction. The elastoplastic 
compressibility index λ (s), depends on the 
suction and is defined by equation (14). 



𝜆(𝑠) = 𝜆(0) ∗ [(1 − 𝑟) ∗ 𝑒−𝛽∗𝑠 + 𝑟] (14) 

where β and r are constants that define the is 
a parameter that defines the loading-collapse 
LC curve. 

From the point of view of shear strength, the 
model considers the critical state line 
independent from suction. Suction is 
considered in shear strength through the 
introduction of apparent cohesion, which 
depends linearly on suction through a 
constant. Shear strength will not be analysed 
in this work because it is assumed that the 
soil where the shallow geothermal system is 
installed does not collapse since there are 
only temperature variations. 

Coarse soils 
For granular soils and for rockfill materials, 
collapse is observed on the wetting 
independently from vertical stress. It is 
explained by particle breakage. Previous 
studies have determined that the major cause 
for the distinct rockfill behaviour is particle 
breakage resulting from the presence of water 
(Sowers et al., 1965; Oldecop and Alonso, 
2001). 

The higher the initial water content, the lower 
the deformations caused by the breakage of 
the particles after submersion. Tests were 
carried out in which rockfill blocks were under 
compression at a constant load. These tests 
showed that the observed displacements 
were dependent on the tension state in which 
the sample was wetted. 

What causes the particles breakage with the 
presence of water is the propagation of 
subcritical cracking, Oldecop & Alonso (2001). 
Any failure, cracking or irregularity in a block 
leads to a concentration of stress on the crack 
when the block is under pressure. So, a chain 
reaction on the cracking develops when loads 
are applied and when there is presence of 
water. 

Oldecop and Alonso (2001), define the stress 
intensity factor in a crack, 𝐾𝐿, as a function of 
crack size, its geometry and the size of the 
block where the crack is located (equation 
(15)). 

𝐾𝐿 = 𝛽 ∗ 𝜎 ∗ √𝜋 ∗ 𝑎 
 

(15) 

In which β is a dimensionless factor that 
depends on the geometry of the block, σ is 
the stress applied to the block, outside the 
zone of influence of the crack and a is the 
length of the crack. If the value of 𝐾𝐿 is less 
than the stiffness of the crack, there is no 

crack propagation, unless there is "growth of 
the subcritical fissure" caused by, for 
example, fatigue of the fissured zone by 
systematic applying loads in that zone. The 
rate at which the crack propagates was 
determined by several tests and depends on 
relative humidity RH. 

To determine the relationship between rockfill 
settlements and the present water content, 
Oldecop & Alonso (2001), performed a series 
of oedometrical tests. Three of the tests were 
saturated at different loads and in two other 
tests the air was circulated with a known 
relative humidity (figure 1) to decrease the 
installed suctions in the soil.  

 

Figure 1 - Water acting as corrosive agent in the 
cracks. 

 

3. Barcelona Basic Model BBM 
A model for unsaturated soils must be used 
for the foundation soil of CICFANO’s building 
because it will be in an unsaturated state most 
part of the year. The Barcelona Basic Model, 
BBM (Alonso et al., 1990) model is 
considered in this work, however only 
compressibility will be characterized. 

From the point of view of compressibility and 
its dependence on suction, the yield surface 
defined by the BBM consists of two curves, 
the collapse loading curve, LC (Loading 
collapse) and the increase of suction curve, SI 
(Suction increase). Both are illustrated in 
figure 2. Within the space delimited by the LC 
and SI curves the soil has a non-linear elastic 



behaviour similar to that defined by the MCC. 

The LC curve is given by: 

𝑃0 = 𝑃𝐶 (
𝑃0

∗

𝑃𝐶
)

𝜆(0)−𝑘
𝜆(𝑠)−𝑘

 

(16) 

in which 𝑘 and 𝑘𝑠 are expansibility indexes in 
relation to the applied stress and existing 
suctions, λ (0) is the compressibility of the 
saturated normally consolidated soil and 𝑃𝐶 is 

a reference stress parameter. 𝑃0, 𝑃0
∗ are mean 

yield stresses for the unsaturated (suction s) 
and saturated cases, respectively.

 

Figure 2 - Yielding curves of BBM in s:p space. 

The BBM model was formulated to reproduce 
the behaviour of non-swelling fine unsaturated 
soils. It has the limitation of not being able to 
shape the behaviour of very expansive clays 
and non-expansive soils, such as sands and 
rockfill materials. It was adopted in this work 
for simplification 

 

4. MATERIALS AND METHODS 
4.1 Materials and sample preparation 
The physical characteristics of the soil were 
analysed. Grading size distribution was 
determined by two dry sieving tests (sample 1 
and sample 2). The soil is non-plastic and 
classifies as SW - well graded sand with 
gravel, according to the unified soils 
classification system. 

 

Figure 3 - Grading size distribution curves. 

The relative soil density, Gs, was determined 
following the Portuguese norm, NP-84. The 
value found is in Table 1. The mineralogy of 
the soil may also have an influence on the 
interpretation of the tests to be performed. 
Therefore, a Reference Intensity Ratio (RIR) 
test was requested. The results of the 
analysis show the mineralogical composition 
of the samples in percentage and conclude 
that the soil is mainly composed of quartz. 

The samples prepared in this work are 
supposed to have the same void ratio, and dry 
volume weight, 𝛾𝑑. It was decided to define 
the maximum and minimum values of the 
maximum and minimum void ratios of the dry 
material and of the corresponding dry volume 
weights, in order to estimate an average value 
used to prepare the samples. The minimum 
void ratio was determined by vibration adding 
some extra weight was laid over the soil to 
maximize the compaction. The values found 
are also in Table 1. 

 

Table 1- Soil properties. 

𝐺𝑠 2,55 

𝒆𝒎𝒊𝒏 0,334 

𝒆𝒎𝒂𝒙 0,729 

𝜸𝒅,𝒎𝒂𝒙 19,11 𝑘𝑁/𝑚3 

𝜸𝒅,𝒎𝒊𝒏 14,75  𝑘𝑁/𝑚3 

 

In the future tests, a void ratio of e=0,5 was 
used in the samples preparation, 
corresponding to a relative density of 50%. 

 

4.2 Oedometer tests 
Soil compressibility was evaluated through 
three different types of tests: 

• tests to measure the potential for collapse 
and its evolution, where the soil was wetted 
under increasing vertical stresses 

• tests at laboratory temperature, in a total of 
4, where different suction was applied in each 
one to obtain the calibration parameters of the 
LC curve: saturated soil, dry soil at laboratory 
temperature and humidity, and soil partially 
saturated to relative humidity RH = 75% and 
RH = 90%. These tests allowed to describe 
the behaviour of the soil to an unsaturated 
state through BBM. 

• a test saturated at a temperature of 60 ° C to 
analyse if the temperature influences soil 
compressibility. 
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The soil used to prepare all samples was 
previously dried in laboratory environment. 

Collapse potential tests 
In order to evaluate the potential for collapse 
of the foundation soil of CICFANO and its 
collapse with wetting the soil was wetted 
under four different loadings: 10, 100, 400 and 
1600 kPa. The wetting was done after the 
stabilization of the settlements to avoid 
crossed effects. 

Calibration of BBM’s LC curve 
The calibration of the LC curve of the BBM 
model was done with the results of four 
oedometric tests, each with different suction. 
In each test, before each load application, the 
settlements were read and it was always 
verified in a graph produced by the reading 
software, if the settlements were stable. Each 
load was applied at 24h intervals. 

It was started by applying 0.5kg for 24 hours, 
then applied another 0.5kg and from then on 
each increment of load is the double of the 
previous one up to 3.2 MPa. It was necessary 
to achieve such a high stress to make sure 
that the soil was in the normal compression 
line and therefore, it was possible to obtain 
the elastoplastic compressibility index 𝐶𝑐. 

Beside the dry and saturated soil test, two 
further tests were performed where the soil 
was partially saturated using the vapour 
equilibrium technique. Relative humidities of 
HR = 75% and HR = 90% were applied using 
saturated solutions of salt prepared from 
sodium chloride, NaCl and potassium nitrate, 
KNO3, respectively (Romero, 2003). 

It was necessary to isolate the oedometer in 
order to create a closed environment with a 
controlled HR while circulating air, which 
passes through a solution that maintains the 
atmosphere. Figure 4 shows a scheme with 
the various components of the system 
adopted to achieve a vapour equilibrium 
during the entire oedometric test. 

Temperature influence on saturated 
compressibility 
The loading applied in the saturated 
oeometric test at 60°C was identical to that 
applied to the saturated sample at room 
temperature. A thermal bath was used to keep 
the temperature at 60ºC, which consists of a 
small water tank with integrated heating and a 
timer that controls the heating period, with an 
unlimited time option. The sample was 
wrapped with tubes through which the heated 
water circulated in the thermal bath, thus 

heating the water that surrounds and 
saturates the sample, as shown in figure 5. 

 

Figure 4 - Oedometer test with vapour equilibrium. 

Figure 5 - Oedometer test under 60ºC. 
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flowing back to the 
air pump 
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3 PVC tube that drives the heated water  

4 PVC tube that heats the saturated soil  

5 PVC tube that returns the water to the bath 

6 Refill system, in case of evaporation 

 

 



4.3 Water properties 

Permeability 
The aim of this research is to characterize the 
soil’s water retention curve and its 
permeability. The saturated permeability was 
measured in a constant water head 
permeability test, and also estimated through 
the Hazen expression and using Kozeny's 
expression. 

Water retention curve 
The water retention curve was measured 
using WP4 equipment in a wetting and 
followed by drying paths. 

The device WP4 reads suction values 
between 0.8 - 180 MPa and therefore values 
outside this range may contain some error 
associated with the equipment. 

4.4 Thermal conductivity 
To analyse the thermal conductivity, samples 
were prepared with different geometric scales: 
in large and in small PVC moulds.  

The thermal conductivity was measured for 
samples with different water contents to 
analyse how the degree of saturation of the 
soil influences its value. Samples with 0.65% 
water content (laboratory environment), 2%, 
3.5%, and 5.23, 8%, 10% and 19.6% (water 
content equivalent to a 100% saturation 
degree). Samples were saturated by 
submersion. Samples with intermediate 
saturation values were enclosed in a plastic 
bag with a wet towel inside to keep the 
environment moist. 

The Applied Precision - Isomet 2114 
equipment was used to perform the thermal 
conductivity readings, which consists of a 
needle inserted inside the sample. This 
equipment only reads thermal conductivities 
between 0.2-1.0 W ∙ m-1 ∙ K-1 with associated 
low error.  

 

5. RESULTS AND DISCUSSION 
5.1 Oedometer tests 

Collapse potential 
After the first oedometric tests the collapse 
occurs after saturation in both low and high 
vertical stresses. The collapse deformations 
measured are in Figure 7 and in Table 2. 

In is shown that collapses tend to stabilize at 
higher loadings. If the compressibility index is 
calculated in the saturated state of the 
sample, a destructed compressibility index is 
obtained because the soil collapses due to 
wetting and high loadings. Further sieve tests 

showed that there were more fine soils than 
before the oedometer test, showing that 
particle breakage occurred when the soil 
collapsed. 

 

Figure 7 – Oedometer test with wetting at different 
vertical loadings. 

Table 2 -  Collapse due to wetting of the soil at 
different vertical loadings 

𝝈v [KPa] 𝛆 [%] 

10 0,68 

100 2,065 

400 3,10 

1600 3,125 

Calibration of BBM’s LC curve 
The results of the oedometer tests are shown 
in Figure 8. Higher compressibility and 
collapse deformations were found for the 
samples with the higher water content. 
Collapse does not only happen in the soil 
saturation, but also for the intermediate 
values, such as in rockfill-like materials. 

 

Figure 8 – Oedometer tests with different water 
contents 

Therefore, in the analysis of the 
compressibility of this soil, crushing must be 
taken into consideration in the interpretation of 
the compressibility and swelling indexes. The 
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values of these parameters are presented in 
Table 3. 

It was not possible to obtain values for the 
compressibility of the saturated soil, since in 
this case soil structure was already lost. 

Table 3 – Compressibility and swelling indexes for 
different water contents 

TEST s[MPa] 𝑪𝒄 𝑪𝒔 

Dried in laboratory 70 0,096 0,014 

Hr=75% 39 0,164 0,014 

Hr=90% 11 0,189 0,013 

Saturated 0 --- --- 

To predict the compressibility of the saturated 
soil, the equation for the elastoplastic 
compressibility index λ (s), was used. Using 
the Microsoft Excel solver tool, the «r» and 
«β» parameters were changed to minimize 
the error between the calculated values and 
the values observed in the laboratory. With 
the determined parameters, the saturated λ 
value was calculated by the same equation. 
The values of 'r' and 'β' leading to this result 
are r = 0.429 and β = 0.1 

Considering the following relation: 

𝐶𝑐 = 2.31 ∗ 𝜆     𝑒    𝐶𝑠 = 2.31 ∗ 𝑘 (17) 
 

The prediction of λ (0) is 𝜆 (0) = 0.130 using 
the Excel solver. A Cc = 0.300 is obtained 
which is consistent with the values observed 
in the laboratory for lower water contents. 

To calibrate the LC curve it is necessary to set 
the value of 𝑃𝑐. In addition, the coefficient of 
expansion, k is needed. In the oedometric 
tests it is observed that, the expansibility 
index, Cs, is common among all the tests with 
a value of Cs = 0.013 which leads to 
k = 0.0056. 

In order to adapt the BBM to the studied soil, 
it is opted to first observe the yield stresses 𝜎𝑦 

observed in the oedometric tests carried out 
at different water contents. For this the 
Casagrande method is used and the values 
that are obtained are shown in Table 4. In 
which it is assumed that K0=0,5 and 𝑃0is the 
net mean stress. 

Table 4 – Yield stresses and net mean stresses at 
different suctions 

s [MPa] 𝝈𝒚 [KPA] 𝑷𝟎  [KPA] 

70 200 133,3333 

39 150 100 

11 80 53,33333 

0 40 26,66667 

 

To find the value of 𝑃𝑐, in order to adjust the 
LC curve of the BBM as best as possible, the 
Excel solver tool was used again. It is 
possible to compare the analytical values of λ 
with the experimental ones in table 5. 

Table 5 – Value of Pc to adjust the LC curve and 
comparison of the analytical values of P0 with the 

experimental ones 

s 
[MPa] 

𝛔y 
[kPa] 

p0 

[kPa] 
p0_comp 

[kPa] 
pC 
[kPa] 

70 200 133,33 115,96 

12 
39 150 100,00 108,88 

11 80 53,33 54,99 

0 40 26,67 30 

 

Figure 9 compares the experimental values 
with those found using LC equation (16). It 
should also be noted that BBM was 
developed to describe clayey soils and that in 
this case it is a sand with very few fine 
materials. Therefore, it can be seen in figure 9 
that for high suctions, the values obtained in 
the laboratory are far off of those predicted by 
the LC equation. 

 

Figure 9 – LC curve obtained by equation (16) and 
net mean stress P0 obtained experimentally 

 

Influence of the temperature on 
compressibility of saturated soils 
It is observed that in this test at 60°C that 
there is a small increase in this compressibility 
relative to the test performed at atmosphere 
temperature (figure 10). 
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Figure 10 – Oedometer test under 60ºC and 25ºC 

The values of both compressibility indexes 
(after destructuration, or particle breakage) 
are shown in Table 6. 

Table 6 – compressibility indexes under 60ºC and 
25ºC 

Sat 60º 𝐶𝑐,𝑑𝑒𝑠𝑡 0,132 

Sat 25ºC 𝐶𝑐,𝑑𝑒𝑠𝑡 0,120 

 

Although only the destructured compressibility 
was obtained, it predicts an increase of soil 
compressibility due to temperature increase. 
The increase in soil compressibility with 
increasing temperature is due to the fact that 
there is some increase in the void ratio due to 
thermal expansion of the gases and fluids in 
its pores. 

By the curve obtained in the oedometric test 
of the saturated soil at T=25ºC (figure 10), it is 
observed that the soil under study has a 
behaviour similar to the rockfill. It is observed 
in the test at a temperature of T=60°C that 
there was not as much volumetric 
deformation. This reduction of volumetric 
deformation with the increase in temperature 
can be justified by the fact that the crack 
propagation velocity in soil particles 
decreases with increasing temperature. 

Both the swelling index 𝐶𝑠 and the yield stress 
for the test saturated at T=60°C were also 
observed (Table 7). 

Table 7 – swelling index and yield stress under 
60ºC and 25ºC 

 𝑪𝒔 𝝈𝒚 [kPa] 

Sat 60ºC 0,011 60 

Sat 25ºC --- 40 

 

An increase in yield stress is observed with 
increasing temperature in these two tests. 
This phenomenon may be associated with the 

same reasons for the less collapse at higher 
temperatures as previously described. 

 

5.2 Hydraulic properties 

Hydraulic permeability 
The result of the test using the permeameter, 
show a high hydraulic permeability for a well 
graded sand, 𝑘 = 1.21 ∗ 10−3 𝑚/𝑠. During this 
test, fine soils drag was observed. Therefore, 
the Hazen and Kozeny equations were used 
to predict the hydraulic permeability. 

Using Hazen’s equation the permeability is 

𝑘 = 1.22 ∗ 10−3 𝑚/𝑠, and with Kozeny’s it is 

𝑘 = 2.838 ∗ 10−5 𝑚/𝑠. This value differs two 
orders of magnitude from those obtained with 
the Hazen expression and in the constant 
load test.  

From here on, the value obtained by Kozeny's 
expression will be considered because it has 
given a value that is more adjusted to that of 
sandy soils, and because it takes into account 
the voids ratio and the relative density of the 
soil. 

Water retention curve 
The results obtained are shown in Figure 11, 
where the wetting trajectory is represented by 
squares and the drying trajectory by triangles. 
It is natural to find reading errors for higher 
degrees of saturation because of the 
equipment’s limitations.  

The experimental data was adjusted by the 
Van Genuchten equation (1990) and the fitting 

constants  P and 𝛌 values are in Table 8. 

Table 8 – P and 𝛌 values for Van Genuchten’s 
equation 

Path Wetting Drying 

𝑃 [𝑀𝑃𝑎] 0,03 0,10 

𝜆 0,42 0,43 

 

Figure 11 – Water retention curve with adjusted 
Van Genuchten’s curve 
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5.3 Thermal conductivity 
There are three possible alternatives given by 
the equations previously presented, which 
describe the thermal conductivity as a function 
of the degree of saturation. In this three 
options, only the dry and saturated soil 
thermal conductivity must be known. 
However, in order to know which one of the 
three fits this soil the best, laboratory readings 
were compared with this three equations 
results. As said before, the equipment which 
reads the thermal conductivity of a soil sample 
has two limitations. Therefore, in order to pick 
which one of the three equations describes 
the soil the best, tests were carried out in the 
large moulds (figure 12). 

 

Figure 12 – Thermal conductivity readings and its 
logarithmic regression 

This figure shows the test results for the soil 
sample in big moulds. The saturated 
(Sr=100%) soil thermal conductivity was 
estimated through a logarithmic regression. 
𝜆𝑠𝑎𝑡 = 2.519 𝑊/𝑚𝐾.  

There are two other ways to estimate the 
saturated soil thermal conductivity, as show in 
the equations previously presented and 
repeated below: 

Equation 1 - 𝜆𝑠𝑎𝑡 = 𝜆𝑠𝑜𝑙𝑖𝑑
1−𝜙

∗ 𝜆𝑙𝑖𝑞
𝜙

 

Equation 2 - 𝜆𝑠𝑎𝑡 = (1 − 𝜙)𝑛 ∗ 𝜆𝑠𝑜𝑙𝑖𝑑 + 𝜙𝑛 ∗ 𝜆𝑙𝑖𝑞 

In this equations the solids, liquids and gases 
thermal conductivity are needed. The solid 
considered is quartz 𝜆𝑠𝑜𝑙𝑖𝑑 = 3,0𝑊/𝑚𝐾 and 
the liquid considered is water 𝜆𝑙𝑖𝑞 =

0,61𝑊/𝑚𝐾. 

Equation 1 predicts a saturated soil thermal 
conductivity of  𝜆𝑠𝑎𝑡 = 1.903𝑊/𝑚𝐾 and 
equation 2 predicts 𝜆𝑠𝑎𝑡 = 0,453 𝑊/𝑚𝐾. 
Noting that for this equations, a void ratio of 
e=0,4 was considered regarding the collapse 
on the saturation of the soil. The second 
prediction is less credible due to the values 
obtained. 

Using 𝜆𝑠𝑎𝑡 = 1.903𝑊/𝑚𝐾 (equation 1) and 

𝜆𝑑𝑟𝑦 = 0,45𝑊/𝑚𝐾 (measured in laboratory), 

none of the three equations previously 
presented and repeated below:  

Equation 1 - 𝜆 = 𝜆sat ∗ √𝑆𝑟 + 𝜆dry ∗ (1 − √𝑆𝑟) 

Equation 2 - 𝜆 = 𝜆sat
Sr ∗ 𝜆dry

1−𝑆𝑟 

Equation 3 - 𝜆 = 𝜆sat ∗ 𝑆𝑟 + 𝜆dry ∗ (1 − 𝑆𝑟) 

represents the results of the laboratory tests 
very well, as shown in figure 13.  

Figure 13 – Comparison of the thermal 
conductivities obtained experimentally with the 

ones obtained by equations 1,2 and 3 

In order to be able to describe this soil with 
the three equations when modelling with Code 
Bright, different saturated soil thermal 
conductivities must be considered for different 
saturation intervals, as shown in Table 9. 

Table 9 – saturated soil thermal conductivities used 
to describe the soil 

𝝀_𝒔𝒂𝒕 Sr Equation 

5,5 0-25% 3ª 

2,52 25-100% 1ª 

 

If equation 1 and 3, together for different 
saturation values, are used to describe the 
thermal conductivities obtained 
experimentally, it results in a better 
adjustment of the equations suggested by 
Code Bright. 

 

Figure 14 – Thermal conductivities obtained 
experimentally and adjustment of equation 1 and 3 
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6. CONCLUSIONS 
Particular attention is paid to the behaviour of 
unsaturated soils, since the collected soil 
sample was in a superficial layer subject to 
climate seasonality, with fluctuations in the 
water table throughout the year. 

The oedometer tests with varying water 
contents show that the compressibility of the 
study soil increases with increasing water 
content. It is possible to observe that, from a 
certain water content, the soil collapses 
independently from the stress applied. This 
results in a compressibility coefficient of the 
soil computed considering a destructured 
state. Collapse explained by particle breakage 
is evidenced by the generation of fines 
observed in a subsequent sieving test. The 
oedometric test with the sample at a higher 
temperature, 60ºC, suggests an increase of 
soil compressibility with the increase in 
temperature. 

The different yield stresses of the first tests, 
determined by the Casagrande’s method, 
allowed the calibration of the LC curve of the 
BBM model. This model shows some difficulty 
in modelling soil behaviour for higher suctions 
since this model is more suitable for clayey 
soils with low expansibility. 

The retention curve was determined by the 
WP4 equipment. As the soil is a sandy soil, it 
is normal to observe low suctions, less than 
1MPa. As WP4 does not guarantee error-free 
readings for suction values less than 0.8 MPa. 
Van Genuchten's expression is not the best 
for this soil because there was not a good 
adjustment of the curve with the experimental 
data. 

The data collected regarding the thermal 
conductivity in the laboratory are consistent 
with the formulations suggested by the 
literature, which gives confidence in the 
results obtained. It is demonstrated that the 
thermal conductivity increases, the more the 
soil is saturated which makes sense since the 
voids of the soil instead of being filled by air, 

𝛌_air (25ºC and 1bar) = 0.024 W/m•K, 
become filled by water, which has a higher 

thermal conductivity 𝛌_water (distilled) = 0.61 
W/m•K. 
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