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Abstract. In geotechnical engineering, geostructures with thermo-active functions establish direct thermal 
exchange between the ground and buildings. They can transfer energy from or into the ground to heat or 
cool a building. However, adapting foundation piles, completely or in part, to produce energy piles results 
in heat exchange with the soil, which changes the temperature of the soil and could thereby and affects the 
geotechnical properties and load bearing capacity of the geostructure. Most calculations of the bearing 
capacities of deep foundations conducted in France are currently based on in-situ testing results using a 
pressuremeter. Using finite element method to model the pressuremetric behaviour of a compacted soil 
subjected to thermo-mechanical variations is the main motivation for this work. In this study, several 
pressuremeter tests were conducted on a compacted illitic soil in a laboratory tank at temperatures between 
1° and 40°C. The impact of temperature variation on the limit pressure (Pl), the creep pressure (Pf) and the 
Ménard pressuremeter modulus (EM) were determined. The results showed a significant decrease for both 
limit pressure (Pl) and creep pressure (Pf) with the increase of temperature. Numerical simulations of these 
tests were used to calibrate a bilinear constitutive model, taking into account temperature effects on soil 
compressibility within a coupled thermo-mechanical framework. Thereafter, a case study of a heat 
exchanger pile was simulated using the proposed approach. 
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1. Introduction 
Geothermal energy is considered as an energy source, which has many advantages over than the 

conventional energy sources (concerning cost, reliability and environmental). Thermally active structures 
such as diaphragm walls, piles, tunnel linings, and basement walls present a promising and sustainable 
way for buildings heating and cooling as cited by Fromentin et al. [1], Laloui et al. [2] and Brandl [3]. The 
functioning of thermo-active geostructures are based on variations of the surrounding soil temperature 
(about 12 °C) over a range from 4 to 30 °C as discussed by Peron et al. [4]. To design heat exchanger 
systems, the coupled behavior between temperature variations and induced stress/strain must be taken 
into consideration as recommended by McCartney et al. [5], which may affect long-term performance of 
geostructures.  
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The objective of this work is to expand the understanding and measuring the impact of temperature 
variation on pressuremeter parameters, the pressuremetric response of soil under coupled thermal and 
mechanical loads to help in establishing a more effective geotechnical design criteria.  

In this study, the foundation piles were considered as deep ones, and transferred the loads to depth. 
These foundations piles work through a combination of two phenomena’s: tip resistance and lateral skin 
friction along the length of the pile. Several experimental investigations on the effect of temperature on soil 
behaviour have shown that a variation in temperature affects soil mechanical parameters (cohesion, elastic 
modulus, friction angle, etc.).  

Modaressi and Laloui [6] summarised two major effects of heating on clays: the first one consider a 
thermal reversible dilation in the case of over-consolidated soils, while the second discuss an irreversible 
contraction in the case of a small over-consolidation ratio.  

Similar results have been obtained by Burghignoli et al. [7] and later by Cekerevac and Laloui [8] for 
different clayey soils containing different ratios of kaolinite, illite, smectite and chlorite. For instance, these 
experimental results show that soil can undertake irreversible deformation when subjected to a temperature 
increase under a constant mechanical load equivalent to or slightly less than the preconsolidation stress.  

In recent years, efforts have been made to optimise the energy performance of thermo-active 
geostructures. For example, in-situ tests were performed by Brandl [9], Bourne-Webb et al. [10] and Amatya 
et al. [11].  

Several methods have been developed for determining the stress-strain response of vertically loaded 
piles. Two different approaches have been widely used, the finite difference model, and the finite element 
approach with two-dimensional elements defining the soil-pile interface.  

In the finite difference approach, the pile is divided into rigid block connected by springs simulating 
the stiffness of the pile. Each element is subjected to an elastoplastic interaction with the soil interface. The 
load-transfer curves describe the relation between the shaft friction and the pile displacements, along with 
the relation between the pressure at the tip of the pile and the pile displacement. To introduce the effect of 
cyclic temperature variation, several authors like Knellwolf et al. [12], Bourne-Webb et al. [13] have added 
an unloading term to the load-transfer curve to characterise the reversible behaviour of the soil-pile 
interaction due to thermal cyclic loading. However, the soil and soil-pile interface properties remain constant 
with temperature.  

In another approach, different constitutive soil models have been developed to introduce the effect 
of the temperature on the yield surface by Graham et al. [14], Cekervac and Laloui [8]. The soil-pile interface 
can be defined by zero thickness elements as discussed by several authors such as Goodman et al. [15], 
De Gennaro and Frank [16], Said [17] or thin layer elements as cited by Desai and Faruque [18].  

Currently, the use of finite element methods in engineering to assess thermo-hydro-mechanical 
behaviour remains limited because the method is time consuming and constitutive models (for soil and soil-
pile interface) frequently require numerous parameters that are difficult to access. Therefore, there is a 
need to develop efficient soil models that involve a few accessible parameters and are still able to reproduce 
correctly the soil behaviour. The simplest methods of simulating the soil-pile behaviour remain the ones 
based on the use of load-transfer curves.  

Several load-transfer curves are available in the literature of Randolph and Wroth [19], Frank and 
Zhao [20] also Armaleh and Desai [21]. Load-transfer curves are defined using the pressuremeter modulus, 
the limit pressure, the pile diameter and the piling method. The pressuremeter is a standard in-situ test for 
soils and rocks providing information on strength and stiffness parameters and were mentioned by AFNOR 
[22] and ASTM D 4719 [23]. It provides a means of designing piles that meet both failure and deformation 
criteria.  

The design method based on pressuremeter parameters proposed by Knellwolf et al. [12] is based 
on the following considerations: (1) the main component of the displacement is the axial displacement of 
the pile. The radial displacements of the pile are neglected, (2) the Young’s modulus and coefficient of 
thermal expansion of the pile remain constant and independent of the temperature change, (3) the soil and 
soil-pile interface properties are not affected by the temperature. 

In this paper, the conformity of Knellwolf hypotheses is interpreted based on the experimental results 
described later and the current state of knowledge of the thermo-mechanical coupled behavior of soils. The 
first hypothesis, which considering only the axial strain of the pile induced by temperature, matches with 
the results of a study by Olgun et al. [24]. Despite the fact that several experimental studies have shown 
that thermal cycles induces volume changes as described by Abuel-Naga et al. [25, 26] the axial 
displacement remains the major component.  
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The experimental results of Shoukry et al. [27] do not match with the second hypotheses of Knellwolf 
et al. [12], Amatya et al. [11], and Bourne-Webb et al. [13], as they show that the concrete elastic modulus 
is affected by the temperature change.  

With respect to assumption no. 3, the experimental results of the pressuremetric tests conducted 
under controlled temperatures developed here and several researches were achieved by numerous authors 
like Graham et al. [14], Cekerevac and Laloui [8], Abuel-Naga et al. [28–30], show that soil-engineering 
properties are temperature-dependent. Therefore, it is highly probable that the temperature influences the 
soil-structure interface behavior. The lateral confining effective stress on the soil-pile interface could be 
misestimated leading to a miscalculation of the pile shaft resistance under thermal cyclic load of 
heating/cooling. Further investigation is required to confirm this point.  

In this study, the soil used, the experimental device and the mini-pressuremeter method are 
described. Then, the thermal transfer associated with the heating and cooling phases before the 
pressuremeter tests is numerically simulated. A finite element model based on a bilinear constitutive law is 
used to simulate the mini-pressuremeter tests. In this model, the soil compressibility is temperature-
dependent in a coupled thermo-mechanical framework. Afterwards, the experimental and numerical results 
are presented and discussed, focusing mainly on the thermal induced effect on the geotechnical design 
parameters of energy piles. A model problem of geothermal pile is developed using the proposed model 
with finite element method, in axisymmetric stationary conditions. Unlike other proposed models based on 
pressuremeter parameters proposed by Knellwolf et al. [12], Amatya et al. [11], and Bourne-Webb et al. 
[13], the soil-pile interaction properties depend on the temperature variation. Finally, the effect of cyclic 
temperature variation on the mechanical behaviour of the pile is concluded. 

2. Methods 
To investigate the effect of thermal loading on the pressuremeter parameters of a compacted soil, a 

small-scale tank was developed in the laboratory, and mini-pressuremeter tests were performed on the 
compacted soil.  

Ever since the finite element was described early by Turner et al. [32] and applied to the analysis of 
elasticity problems, a huge number of methodologies for modeling the variation formulation of certain other 
field problems such as seepage, heat conduction, or consolidation that are of interest in soil mechanics 
have been established.  

The obtained experimental results were compared with the same model using a finite element 
software. The objective of this comparison is to validate the experimental results and highlight the 
effectiveness of the proposed model.  

2.1. Material and experimental device 
Arginotech©, an illitic soil from eastern Germany was studied. It contains 76 % illite, 10 % kaolinite, 

12 % calcite and traces of quartz and feldspar. Illite shows temperature-dependent behaviour as discussed 
by Tanaka et al. [33]. It is a non-swelling clay present in variable proportions in soils due to mineral illitisation 
as expressed by Lynch [34].  

The grain size distribution of the soil was determined using a laser granulometer device (Figure 1b). 
Almost 85 % of the particles of the considered material were clay particles, and 15 % were silt particles. 
The Atterberg limits were determined according to AFNOR [35] and the results are as follows: liquid limit 
(LL = 65 %), plastic limit (PL = 34 %), and plasticity index (PI = 31 %). The standard Proctor curve obtained 
for the illitic soil mentioned in AFNOR [22] defines an optimum water content (w/c) equal to 31.26 % and a 
maximum dry density of 1.42 mg/m3 (Figure 1a). The soil is considered as class A3 according to the French 
soil classification standard [36] and as a fat clay, MH, according to the Unified Soil Classification System 
ASTM [37]. 
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a) Compaction curve of the illitic material. 

Sr: The degree of saturation. 
b) Particle size distribution of the illitic material. 

Figure 1. Characteristic of the studied illitic soil. 
The thermal conductivity of the material studied was measured with the KD2Pro© thermal properties 

analyser equipped with an SH1 sensor. The suction of the studied material was measured with a WP4C 
water potential meter. The samples were prepared at the same dry density and the same water content as 
the compacted soil in the tank. In such conditions, the thermal conductivity λ  reached 0.81; 0.83; and 
0.88 W.m/K at 1°, 20° and 40 °C, respectively. The measured suction reached 220 and 380 kPa at 20° and 
40 °C, respectively. 

2.2. Sample preparation and compaction in the small-scale model 
The small-scale model consisted of a stainless steel cylindrical container with a height of 800 mm 

and a diameter of 600 mm. The soil was compacted using a dynamic compactor and a metallic plate to 
distribute uniformly the compaction energy over the whole surface of the soil layers, each 70 mm thick.  

Thermal sensors (7 sensors) were introduced within the container to monitor temperature inside the 
compacted soil during the imposed temperature variations.  

A Vulcatherm® thermosregulator was connected to stainless steel tubes welded to the outer contour 
of the soil cylinder. A solution of ethylene glycol and water was circulated in the tubes to impose the thermal 
variations (1, 20 or 40 °C). Insulating sleeves were placed on the steel tubes to reduce heat transfer with 
the surrounding atmosphere (Figure 2). Finally, a box made of 40 mm thick extruded polystyrene plates, 
was used to insulate the whole assembly. 

 
Figure 2. Experimental device designed to carry out temperature  

controlled mini-pressuremetric tests. 
In this study, two tanks were prepared with the illitic material, compacted at the Proctor optimum 

water content of 31.3 % and a dry density of 1.29 mg/m3, corresponding to 90 % of the Proctor maximum 
dry density. An initial temperature of Ti1 = Ti2 = 20 °C was applied to the soil for 75 hours before the thermal 
loading. Then, tank 1 was heated to Tf1 = 40 °C for 75 h, and tank 2 was cooled to Tf2 = 1 °C for 75 h.  

2.3. Mini-pressuremeter tests 
The test consists of introducing a cylindrical probe with a flexible membrane, which can expand 

radially into a drilled core to the desired testing depth. Pressure is applied to the walls of the borehole by 
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the probe, and the soil deformation volume is measured. Three parameters are used to mention the 
pressuremeter EM, pL and pf. 

Before each mini-pressuremeter test, a 630 mm core was drilled with a diameter equal to the mini-
pressuremeter probe. The cored material characterisitcs (i.e. the water content and the dry density) were 
measured each 25 mm in height. All water contents range between 29.7 % and 32.6 %, while the dry 
densities ranged from 1.23 to 1.40 mg/m3 (Fig. 3). These distributions as a function of depth showed 
acceptable deviations (+/-3%) in comparison with the target values and validated the suitable overall 
homogeneity of the sample. The mini-pressuremeter tests were carried out with an APAGEO® mini-
pressuremeter probe. The pressuremeter test consisted of applying increasing incremental pressure rate 
of 25 kPa per minute as recommended by AFNOR [22], and ASTM D4719 [23]. The equilibrium volume of 
the probe was measured for each pressure increment and the volume as function of the applied pressure 
were plotted with a maximum reached volume of the probe of 140.000 mm3. 

 
(a) Water content distribution over depth     (b) dry density distribution over depth 

Figure 3. Water content and dry density distribution in both tanks. 
In the tank 1, two mini-pressuremeter tests (Fig. 4) were carried out at an initial temperature of 

Ti1 = 20 °C (20a, 20b) and two others at Tf1 = 40 °C (40a, 40b). In the second tank, two mini-pressuremeter 
tests were performed at Ti2 = 20 °C (20e, 20f) and two others at Tf2 = 1 °C (1a, 1b).  

  
(a) Pressuremeter curves at 20 and 40 °C 

(data from Tank1) 
(b) Pressuremeter curves at 20 and 1 °C  

(data from Tank2) 
Figure 4. Pressuremeter curves. 

To control the thermal diffusion in the studied illitic soil, seven thermal sensors were introduced at 
different positions in the tank: D1 = 50 mm, D2 = 150 mm, D3 = 300 mm from the lateral boundary (Fig. 5). 
The temperature variation was recorded throughout the test.  
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(a) Plan view of the cylindrical tank (b) Geometry and mesh  (c) boundary conditions of 

meshed cylinder 
Figure 5. Simulation the heat propagated in the cylindrical tank. 

During the heating phase, a temperature of 41 °C was applied; the referred 40 °C temperature was 
reached after approximately 22 hours, 40 hours, and 47 hours of heating at 50 mm, 150 mm and 300 mm 
from the heat source respectively. For the cooling phase, a temperature of 1 °C was applied. At steady 
state, the temperature was approximately 2 °C. This temperature was reached after 39 hours, 67 hours 
and 75 hours for points 50 mm, 150 mm and 300 mm from the lateral boundary respectively. 

2.4. Pressuremeter parameters of the soil submitted to thermal variations 
The first test at 20 °C has failed due to membrane leakage. The results of the other tests carried out 

at different constant temperatures are presented in Fig. 4(a). The pressuremeter curve consists of three 
parts. First, the probe volume increases to reach contact with the wall of the borehole. Than a linear 
increase of the volume with increasing pressure is observed, in this part, the pressuremeter modulus EM 
(deduced from the slope of the pressuremeter curve) is calculated, and finally, large displacements take 
place and the soil reaches its plastic domaine. The creep pressure, pf, the boundary between the second 
and third steps of the test, is determined on the creep pressuremeter curve (standard NF P94-110-1, 
AFNOR [22]). The limit pressure is the extrapolated pressure at which the injected volume reaches twice 
the initial volume of the hole. The pressuremeter parameters EM, pL and pf for each test are summarized 
in Table 1 

The results showed a negligible effect of temperature variation on EM parameter, while the pf and pL 

pressures increased with cooling (decrease of temperature). The material undergoes plasticity earlier when 
heated since the plastic deformations started earlier for the tests at 40 °C, than at 20 °C and 1 °C, approving 
a reduction of the elastic zone. 

Table 1. Experimental results of different pressuremeter tests carried out at different constant 
temperatures tank1 (20 -40-20 °C) and Tank 2 (20-1-20 °C). 

Test Test number Temperature 
(°C) EM (MPa) pf (MPa) PL (MPa) EM / pL 

Tank1 

20b 20 3.54 0.198 0.357 9.916 

40a 40 3.52 0.163 0.317 11.104 

40b 40 2.94 0.162 0.283 10.389 

Tank2 

20e 20 2.28 0.14 0.316 7.215 

20f 20 2.29 0.143 0.258 8.876 

1a 1 2.85 0.207 0.365 7.808 

1b 1 2.49 0.19 0.357 6.974 
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The drop of the studied parameters could be justified by the thermal softening due to increasing 
temperature. Similar results concerning the decrease of the yield limit with heating were also detected in 
triaxial tests for other types of materials achieved by Lingnau et al. [38], Marques et al. [39], Uchaipichat 
and Khalili [40]. 

2.5. Numerical simulation  
Two different numerical simulations are presented in this section. The first simulation concerns 

thermal transfer during the heating and cooling phases. The second simulation focuses on the mini-
pressuremeter test parameters under controlled temperatures. The numerical calculations were carried out 
using the Code_Bright finite element code Olivella et al. [41]. For each simulation, the numerical strategy 
is detailed first, describing the different steps of the modelling. Then the numerical setup is presented, with 
the considered mesh, also initial and boundary conditions. Finally, the results are interpreted.  

2.5.1. Thermal transfer approach 
Thermal transfer between the lateral boundary and the soil generated a variation in the tank 

temperature profile.  

For soils, the conduction is considered as the primary heat transfer mode especially in clayey soils 
where the hydraulic conductivity is very small. The main thermos-physical properties that control the heat 
flow by conduction are , , .D Cνλ  The relation between the three properties is given as follows: 

.D
Cν

λ
=                                                                              (1) 

Many studies have considered that the total heat capacity of a given soil is the resultant of the heat 
capacities of the soil components to estimate Cν  De Vries and Afgan [42]. These thermal properties 
depends on the mineral composition of soil and on its porosity n as follows: 

( )1 .
s w

cs cwT TC n c n cν = − ρ + ρ                                                        (2) 

The conductive heat flow ci  is governed by Fourier’s law: 

.ci T= −λ∇                                                                           (3) 

Different formulations for the thermal conductivity λ  have been proposed in the literature. This 
parameter has been related to soil properties such as mineralogical composition, dry density, pore fluid, 
degree of saturation, water content, temperature, and geometrical arrangement of soil particles following 
the recommendations of Brandon and Mitchell [43, 44].  

It is reasonable to assume that the thermal conductivity of the soil remains constant, since the 
experimental test conditions requiring complete isolation of the tank and the small variation of thermal 
conductivity of the soil within the studied ranges of temperature. 

To validate the main assumptions concerning the heat transfer including (1) consideration of 
conductive heat transfer only, (2) the use of a constant thermal conductivity, and (3) consideration of the 
medium as homogeneous with respect to apparent properties without taking into account the contribution 
of each phase, a basic numerical study was performed. 

Owing to the symmetry of the problem (i.e., load and geometry axial symmetry of the tank), the 
problem can be reduced to a two-dimensional axisymmetric condition with respect to the vertical axis (oy). 
The soil mass was discretised into an unstructured mesh of triangular finite elements. A null flux was 
imposed on the symmetry axis. Only the temperature was fixed on the outer border; no mechanical load 
was taken into account. Initially, the temperature of the soil was homogeneous and constant (Ti = 20 °C). 
The thermal loads were applied continuously by imposing a constant temperature on the outer lateral 
boundary. The parameters used in the simulation are summarised in Table 2. It should be noted that in the 
studied case, only the apparent conductivity and apparent specific heat were considered (Table 2). Other 
heat transfer processes (i.e., convection and radiation) have been neglected. 

Table 2. Parameters used in the numerical simulation of heat transfer. 

Cν , (J/kg.K) λ  (W.m/K) 

1796 0.924  
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In this section, the main results of heat propagation simulation are presented. The calculation was 
performed using the finite element code Code_Bright. Initially, the temperature was uniform (Ti = 20 °C). 
Two simulations were performed. Following the experimental conditions, for the first simulation, the 
imposed temperature at the lateral outside boundary was 41 °C for 75 h. For the second simulation, the 
lateral outside imposed temperature was 1 °C for 75 h.  

The time variation of the temperature, plotted in Figure 6, shows the heat transfer phenomenon at 
different positions from the heat source: D1 = 50 mm; D2 = 150 mm; D3 = 300 mm (see Fig. 5 for more 
details of the geometry and the position of heat sensors). According to Fig. 6, the numerical model, with 
the parameters given in Table 2, is able to reproduce the heat propagation correctly at different distances 
from the heat source. A slightly higher value for heat conductivity than the experimentally measured value 
was used to superimpose the experimental and numerical results. However, the difference remains in the 
range of accuracy of the KD2Pro© thermal properties analyzer used (± 10 %), and both curves (the 
numerical and the experimental one) converge to the same steady state limit. 

 

 
Figure 6. Time evolution of the temperature at different distances from the imposed heat 
temperature ((a): T = 40 °C (b): T = 1 °C) on the outer lateral boundary starting from initial 

temperature (T = 20 °C).  
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2.5.2. Simulation of mini-pressuremeter tests at different imposed temperatures 
The mini-pressuremeter tests performed in the compacted soil at various temperatures were 

modelled using a bilinear elastoplastic model. In this section, the model parameters are presented, and the 

effect of temperature on the pressuremeter parameters ( ), ,M L fE p p  is discussed.  

Bilinear model simulating the pressuremeter results 

Soils are mainly frictional granular media, with mechanical behaviour that is well described within the 
framework of elasto-plasticity theory. The model used here to characterise the mechanical behaviour of the 
soil is a basic bilinear model. The main equations and parameters used are presented in the following text.  

The bilinear model involves four parameters: 0, , ,cE E v  and .vlimitε  

The limit between the initial ( )0E  and final ( )cE  slope is given by the definition of the limit strain 

.vlimitε  The stress-strain relation describing the mechanical behaviour is given by the following equations: 

If 0limit Eνε < ε → σ = ε  

If ( )0 .limit limit c limitE Eν ν νε > ε → σ = ε + ε − ε                                (4) 

Fig. 7 shows the stress-strain relation with the different parameters involved to characterise the 
mechanical behaviour. 

 
Figure 7. Bilinear model defining the stress-strain relation. 

Geometry, mesh and boundary conditions for the mini-pressuremeter thermally controlled test 

The geometry of the tank, with its adopted mesh was presented in Fig. 8. The calculation was 
performed in two steps: the thermal loading phase, involving the application of a constant temperature 
throughout the soil and; the execution of the mini-pressuremeter test at 150 mm from the boundary. 

  
(a) geometry of the tank in plan view (b) meshed axisymmetric vertical view  

Figure 8. Numerical simulation view. 
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The boundary conditions for the two calculation steps are given in Fig. 9. Zero horizontal 
displacement conditions were applied to the outer lateral border, and a total fixity condition was imposed 
on the lower limit. The first part of the mini-pressuremeter test, which corresponds to the probe inflation to 
contact the wall of the hole, was not simulated because it is not necessary for determining the 
pressuremeter parameters (i.e., the pressuremeter modulus and the creep and limit pressures). Only the 
pseudo-elastic and plastic parts of the pressuremeter curves are considered (zones 2 and 3 in Fig. 10). 

 
(I) Heat imposed phase       (II) pressuremeter under constant temperature test phase 

Figure 9. Boundary conditions for the two calculation steps. 

 
Figure 10. Determination of model parameters (E0, Ec, εvlimit) according to temperature variation 

with initial and final slopes and strain limit value. 
According to the French design standard for deep foundations, Young’s modulus can be related to 

the pressuremeter modulus by using .α  The relation between 0E  and ME  is given by the following 
equation: 

( )( )
( )0

1 1 2
.

1 M
v v

E E
v

+ −
=

α −
                                                           (5) 

Ménard [45] was estimated α for clayey soils from the M LE p  ratio and was found that α  = 0.5. 
To include the effect of temperature variation on the mechanical behaviour, the model parameters were 
determined, as functions of temperature, as follows: 

0E  was calculated, based on the pressuremeter modulus ME  (equation 5), cE  was fitted to the 

corresponding experimental test results, and vlimitε  was calibrated according to the experimental results.  

ν = 0.3 was considered constant. 
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For each simulation, the values of the mechanical parameters are summarised in Table 3. These 
parameters were defined according to the average value of the pressuremeter modulus for the two tests at 
the same temperature. It should be noted that thermal parameters were kept unchanged and identical to 
those given in Table 2. 

Table 3. Mechanical parameters used for the simulation of pressuremeter tests for different 
temperatures. 

Tanks 
Temp 
(°C) 

EM 
(MPa) 

E0 
(MPa) 

εvlimit ν Ec 
(MPa) 

Tank1 
20 3.54 5.27 0.00335 

0.3 0.3 
40 3.231 4.8 0.00218 

Tank2 
20 2.285 3.39 0.003 

0.3 0.3 
1 2.666 3.96 0.0035 

 

The parameter’s calibration shows that 0E  and vlimitε  are temperature dependent, while cE  
remains constant (Fig. 10). 

3. Results and Discussions 
3.1. Pressuremeter parameters of the soil submitted to thermal variations 

The main experimentally results of mini-pressuremeter test simulations under controlled temperature 
are presented in this section. The volume variations versus the applied pressure are shown for the two 
tanks in Fig. 11. The proposed bilinear model was calibrated by comparing experimental data to analytical 
simulations. The model is able to reproduce the volumetric variations against the applied pressure at a 
constant temperature correctly. Moreover, these curves show that the pseudo-elastic behaviour can be 
considered slightly sensitive to temperature. The pressuremeter modulus decreases slightly when the 
temperature increases. However, the effect of temperature is more significant on the two other parameters; 
creep pressure pf and the limit pressure .Lp  

  

(a) Ti1 = 20°C and Tf1 = 40 °C (b) Ti2 = 20 °C and Tf2 = 1 °C 

Figure 11. Numerical and experimental variation of volumetric deformation against applied 
pressure under variable Ti and Tf. 

The creep pressure decreased significantly with the increase in temperature. In the numerical model, 
this resulted in a decrease of the limit deformation .vlimitε  This means that the soil exhibited a thermal 
softening. Qualitatively, this result represents a transition to a more ductile behavior. These results match 
those obtained by Hueckel et al. [46], Laloui [47], who found that the yield surface decreased with increasing 
temperature.  
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As a first approach, a linear relation between the temperature T  and the vlimitε  is considered. 
According to the experimental results, the following relation can be proposed for the material studied 
(Fig. 12): 

 
Figure 12. Proposed linear variation of εvlimit against temperature. 

5 33 41 3 697vlimit . e T . eε − −= − +      (6) 

This relationship has been introduced into the finite element code to take into account the effect of 
temperature on mechanical behavior for a better simulation of the interaction between the energy pile and 
the soil. Other formulations involving cyclic thermal variation are to be investigated.  

3.2. Simulation of the energy pile behaviour using simplified model 
A concrete pile of 1 m diameter and 20 m length was studied. A parametric study has been performed 

to ensure adiabatic boundary conditions in order to select the soil mass boundary dimension. The horizontal 
radius was set to 50 m from the pile lateral surface and the height of the soil mass to 60 m. The complete 
domain was simulated using a 2D axisymmetric model. Stationary analyses were executed to determine 
the magnitude of soil strength in response to thermal pile loading. 

Fig. 13 shows the dimensions of the simulated domain and the pile. The temperature was assumed 
to be constant throughout the pile length, based on the results reported by Suryatriyastuti et al. [48]. An 
analysis of this uncoupled thermo-mechanical model was carried out using finite element code 
(Code_Bright). First, the mechanical load due to the weight of the building was considered; then, the thermal 
load was applied. The pile was maintained in rigid contact with the surrounding soil. The surrounding soil 
was modelled with bilinear conditions and the parameters were temperature-dependent.  

The thermal loading is applied as stationary condition in the pile; a fixed condition is assigned on the 
bottom boundary; a null head flow condition is imposed on the lateral boundary. The thermal loads were 
applied continuously over a one-year period and homogeneously over the whole pile section with the values 
summarised in Table 4. Table 5 summarises the thermo-mechanical properties of the materials used in this 
case study. 

 
Figure 13. Mesh and geometry of the studied heat exchanger pile. 
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Table 4. Applied temperature in the heat-exchanger pile. 

Calculation step Pile Temperature (°C) Period (days) 

1 16 30 
2 32 180 
3 2 180 

 

The variation of the applied temperature is shown in Figure . The ground temperature was initially 
generated taking into consideration its variation with depth between 12° and 17 °C. This temperature was 
kept constant throughout the test, since the study is limited to stationary analysis. After that, the top of the 
pile was loaded with up to 270 kPa corresponding to the mechanical load applied by the upper structure. 
The system was then subjected to two different seasonal thermo-active pile temperatures (2 °C during 
winter and 32 °C during summer). 

Table 5. Thermo-mechanical properties of the materials. 
Soil 

Mechanical Parameters Thermal Parameters 

E0 (MPa) 5.27 
Tα  (°C-1) 25. 10-6  

𝜈𝜈 0.3 λ  (W.m/K) 1.25  

Ec (MPa) 0.3 
Tsc  (J/kg.K) 1700  

vlimitε  Equ.(6) 
Twc  (J/kg.K) 4180 J/kg.K 

  Initial porosity 𝜙𝜙 0.52 
  

csρ  (kg/m3) 2680  

  
cwρ  (kg/m3) 1000  

Concrete Pile 
Mechanical Parameters Thermal Parameters 

E (MPa) 20.103 
Tα  (°C-1) 1.2 10-5  

ν 0.26 λ  (W.m/K) 0.8  

  
Tsc  (J/kg.K) 800  

   
 

 
Figure 14. Thermal loading path. 

The evolution of the ground temperature profile after the activation of the thermo-active pile was 
shown in Fig. 15. It can be observed that the ground temperature equilibrium is notably disturbed due to 
seasonal thermal variations in the pile. Furthermore, the ground temperature at a distance of approximately 
one pile diameter from the pile center changes completely over the entire depth of the pile length. 
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Figure 15. Temperature diffusion profiles at the end of each thermal loading. 

The contour plot of temperature-induced axial displacement according to the diffusion within the 
system was shown in Fig. 16.The radial thermal displacements are insignificant compared to the axial 
thermal displacements due to the very small ratio between the diameter and the length of the pile. As 
expected, the extreme displacement values are concentrated within the concrete pile and at the soil surface. 
The negative values represent downward settlement, and the positive values represent upward heave. 

 

 
Figure 16. Contour of vertical displacement (in m) at the end of each thermal loading. 

The effect of temperature variation on axial displacement at the soil surface was clearly visible in 
Fig. 17. During the first phase of loading, the settlement at the top of the pile corresponded to the response 
of the soil due to the applied mechanical load. In the progressive heating phase, the pile expanded with a 
relative head displacement of 2.1 mm. Then, the pile exhibited contractive behavior, and the final relative 
head displacement was –11 mm. However, over the entire length of the pile, there was a point that 
underwent no change in axial displacement over the entire period of thermal loading, called a null point as 
named by Knellwolf et al. [12], Bourne-Webb et al. [13].  

 
Figure 17. Vertical displacement at the soil surface at the end of each thermal loading step. 

Phase I:  
(Tpile = 12°C) 

Phase II:  
(Tpile = 32°C) 

Phase III:  
(Tpile = 2°C) 

Phase I:  
(Tpile = 12°C) 

Phase II:  
(Tpile = 32°C) 

Phase III:  
(Tpile = 2°C) 
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This point can be found in line with opposite responses to the movement of the head and of the base 
of the pile (Fig. 18). The latter is due to the lack of restraint at the pile head, which allows the pile to move 
freely. Thus, all the free thermal strain is observed. In Fig. 18 it can be observed that the null point moves 
with the imposed temperature. Therefore, the position of the null point depends not only on the pile 
confinement and the amount of freedom but also on the cyclic temperature variation. 

 
Figure 18. Mechanical response of the pile induced by temperature variation. 

This model was used to investigate an alternative design method for a heat exchanger pile and the 
surrounding ground. The method developed depends on the pressuremeter parameters and their variation 
as functions of temperature. The case study was chosen to include the most representative characteristics 
of a heat exchanger pile, including seasonal temperature variations. 

4. Conclusions  
Experimental and numerical analysis of the effect of temperature on pressuremetric parameters have 

been conducted in this study. The main contributions of this paper include the followings:  

1. The development and exploitation of an experimental device to study the effect of temperature 
on pressuremetric parameters;  

2. The establishment of a simplified bilinear model with temperature-dependent parameters;  

3. The development of a model problem of heat exchanger piles using this temperature-dependent 
bilinear model. 

The results obtained with the mini-pressuremeter tests showed that the limit pressure and the creep 
pressure decrease with temperature while the pressuremeter modulus remains almost constant. These 
results reflect a softening behaviour with increasing temperature.  

Next, a bilinear elastoplastic model was proposed to simulate the effect of temperature changes on 
mechanical parameters. To verify the proposed simplified model of the temperature-induced variations, a 
series of finite element simulations was developed that assumed controlled temperatures. Good agreement 
was reached between the experimental results and the model in which a relation between the parameters 
and temperature was proposed.  

The proposed design method was finally used to study the coupled response of a heat exchanger 
pile. A case study was simulated using the newly developed approach. The results showed that the 
temperature variation inside the pile induced additional thermal stresses in the concrete pile and at the soil-
pile contact zone. One novel aspect of the proposed thermo-mechanical model is that it takes into account 
the thermal dependency of the pressuremeter parameters. 
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