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Abstract

The response of the soil-structure interface can significantly affect the performance of any geotechnical structure. Thermal cycles are a
new factor that influence the response to all structures that have an energy function in addition to the structural one, such as energy piles
foundations. In this study, a theoretical interpretation of the failure mechanism at the pile-soil interface subjected to cyclic thermal loads
and a dedicated constitutive model is presented. The phenomenon is characterised by large localised strains concentrated in a thin layer
around the pile surrounded by soil behaving under oedometric conditions. The theoretical framework refers to direct shear tests at a
constant normal stiffness, as well as oedometric tests on clayey soil. Observations indicate a negligible effect of the temperature cycles
on the soil-structure interface response for typical temperature ranges of energy piles (DT= �10, +20 �C). Therefore, an isothermal
mathematical formulation in the framework of elastoplasticity is proposed for the analysis of both conventional and energy piles.
The effectiveness of the interface model in reproducing the observed behaviour is confirmed via experimental tests. The proposed con-
stitutive model is applicable in engineering practice via the finite-element or the load-transfer method. Additionally, its calibration
requires exclusively conventional geotechnical testing.
� 2022 Production and hosting by Elsevier B.V. on behalf of The Japanese Geotechnical Society. This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The analysis of energy pile foundations requires—as a
starting point—an estimate of the capacity of a single pile
to withstand a mechanical load, given its primary struc-
tural support functions, and the thermal load associated
with the heat-exchanger functions. In assessing the capacity
of the energy pile, the shaft resistance represents the main
contribution to the axial capacity. The shearing behaviour
of the soil-structure interface governs the response of pile
foundations. Therefore, understanding the soil-structure
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interface behaviour is critical for determining the load-
transfer for foundations such as axially loaded piles. For
conventional axially loaded piles, the importance of the
interface zone as a transfer zone was highlighted by
Randolph (2003) and Pra-ai and Boulon (2017). Early
studies on the elementary mechanism of the mobilisation
of the shaft resistance at the pile-soil interface were per-
formed by Boulon and Foray (1986). They concluded that
the direct shear test is representative of the mechanism that
occurs at the pile-soil interface under real conditions.
Experimental studies on direct shear tests on fine-grained
soil-structure interface were presented by Potyondy
(1961), Littleton (1976), Tsubakihara and Kishida (1993),
Ovando-Shelley (1995), Shakir and Zhu (2009) and
Feligha et al. (2016). Three typical boundary conditions
are generally used in such laboratory experiments: (i) a
Japanese Geotechnical Society.
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constant normal stress (CNL), (ii) a constant volume, (iii)
and a constant normal stiffness (CNS). Condition (iii) takes
account for the effects of the volume changes that occur as
soil adjacent to a pile is sheared (Tabucanon et al., 1995).
The volumetric response of the soil at the interface is not
completely free to develop. The response is partially pre-
vented by the presence of the surrounding soil, which acts
as a spring on the interface. The spring stiffness replicates
the far-field stiffness around a cylindrical pile and is gener-
ally assumed to be constant, implying an elastic soil
response (DeJong et al., 2006). The value of the stiffness
is derived from the use of the cylindrical cavity expansion
theory and is a function of the shear modulus of the soil
at small deformation and the radius of the pile. When it
is 0 corresponds to the CNL condition. In the case of
fine-grained soils these values are relatively low as the shear
modulus is lower than in coarse-grained soils (Di Donna
et al., 2016). Consequently, the normal stress acting on
the interface may increase or decrease as a result of the
dilative-contractive behaviour at the pile soil interface
(Fakharian and Evgin, 1997). Over the past three decades,
significant advances in the direct shear testing of interfaces
have been made. CNS tests have been recognised as a suit-
able laboratory tests for tracking the effects of interface
volume changes and dilatancy, particularly when cyclic
loading is applied (Poulos, 2017). Information obtained
from laboratory CNS tests—under both static and cyclic
loading—was used in the foundation design for the Emi-
rates Twin Towers, Dubai (Poulos and Davids, 2005).
The values of the ultimate shaft friction along the pile
inferred from the load tests agreed well with the values used
for design, which were derived from CNS laboratory tests.
These results indicate the potential of this type of test for
accurately measuring the pile shaft friction characteristics
in the laboratory (Poulos and Davids, 2005).

In energy pile foundations, the response of an energy
pile–soil interface is influenced by seasonal and daily cyclic
thermal variations. Such physical processes should be con-
sidered in the analysis of the behaviour of soils as well as
soil-concrete interfaces. Lancellotta and Ruiz (1999) and
Fleming et al. (2008) reported that an effective stress
approach is nowadays considered to estimate the shaft
capacity of piles for both coarse- and fine-grained soil.
According to this consideration, the parameters included
in the shaft capacity formulation are (i) the pile-soil inter-
face angle of the shear strength, which can be approxi-
mated as the soil angle of the shear strength under
constant volume conditions, and (ii) the normal effective
stress acting on the pile shaft. Thus, in the context of
energy piles, there is a need to understand the effect of
the temperature on the two parameters that govern the
pile-soil shear strength. With regard to fine-grained soil
behaviour, for which a relatively high sensitivity to temper-
ature variations has been historically observed, extensive
studies have been performed on clay for different thermal
paths (Hueckel and Pellegrini, 1989; Hueckel and Baldi,
1990; Robinet et al., 1997; Burghignoli et al., 2000;
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Graham et al., 2001; Cekerevac and Laloui, 2004;
Ghahremannejad, 2003; Yavari et al., 2016; Li et al.,
2019; Maghsoodi et al., 2020) and, only recently, on clay-
structure interfaces (Di Donna et al., 2016; Yavari et al.,
2016; Li et al., 2019; Yazdani et al., 2019; Maghsoodi
et al., 2020; Ravera et al., 2021). The results indicate that
the temperature has a negligible influence on the angle of
the shear strength. In addition, the new results presented
in Ravera et al. (2021) highlighted a negligible variation
of the normal stress acting on the pile shaft in relation to
thermal actions based on tests in which both CNS condi-
tions and cyclic thermal load are applied together.

This study presents a theoretical interpretation and a
constitutive model, validated on the experimental results
presented in Ravera et al. (2021), for the interpretation of
the shear response of the soil-structure interface in energy
piles applications. The interpretation of the direct shear
test is based on the idealisation of the interface as a surface.
Originally proposed by Boulon (1989) for conventional
piles, it is herein proposed in the context of energy piles.
The soil sample is schematically decomposed in a sheared
interface, and an oedometric sample that acts as a restrain-
ing elastic medium (Boulon, 1989; Ghionna and Mortara,
2002; Pra-ai and Boulon, 2017). The main findings and rhe-
ological evidence of the experimental data from oedometric
tests and CNS direct shear tests presented in Ravera et al.
(2021) are summarised in the essential features to support
the theoretical interpretation and the constitutive develop-
ment. The basic failure phenomenon of the soil-structure
interface of energy foundations is described by an elasto-
plastic constitutive model. The model is used to predict
the results of CNS direct shear tests by using only the
results of standard oedometer and CNL direct shear tests.
In addition, the proposed constitutive model has the
advantage and novelty of being developed under the frame-
work of the Mohr-Coulomb elastoplastic models. This
makes it more attractive and usable for engineering analy-
sis and distinguishes it from the current models available.

2. Element test

The direct shear test is considered to be the most suit-
able type of test for experimentally reproducing the soil-
structure interface behaviour (Boulon and Foray, 1986;
Boulon, 1989; Boulon and Nova, 1990; Boulon et al.,
1995; Ghionna and Mortara, 2002; Pra-ai and Boulon,
2017). This test assesses both the dilatancy aspects and
the characteristics of the discontinuity surface. In the case
of a pile foundation, large localised strains are concen-
trated in a thin layer around the pile (Boulon et al., 1995;
Ghionna and Mortara, 2002). Among the boundary condi-
tions, i.e., the (i) CNL, (ii) constant volume, and (iii) CNS,
the last one is recognised as the most appropriate for repro-
ducing the basic mechanism of the mobilisation of the shaft
resistance at the pile-soil interface. Some concerns of direct
shear testing relate to the homogeneity of the test. How-
ever, observations of non-homogeneity arise from the use
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of a continuum approach. Considering the test as a surface
test, homogeneity should only occur in the shear band
(Boulon, 1989).

A theoretical interpretation of the soil-structure inter-
face behaviour was proposed by Boulon (1989) where the
interface is considered as a surface and replaced with a
layer of zero thickness subjected to tangential and normal
discontinuities. This is an efficient approach for modelling
complex phenomena in a bidimensional manner (Boulon,
1989). According to these observations, the interpretation
of the direct shear test proposed by Boulon (1989) divides
the sample into the following two parts. (i) The interface,
i.e., the lower part where the soil and the material repre-
senting the pile surface are in contact, is defined as the ‘‘ac-
tive” part, and (ii) the ‘‘passive” part is the remainder of
the soil above the interface under oedometric conditions.

A schematic of the soil sample in the direct shear device
is shown in Fig. 1.
3. Rheological evidences

In light of the previous considerations, an experimental
investigation was presented in Ravera et al. (2021) to
obtain additional insight into the response of soil-
concrete interface to thermal cycles for typical temperature
ranges of energy piles (DT = �10, +20 �C). It was neces-
sary for the volumetric and shear responses to be individu-
ally studied to obtain an understanding of the coupled
behaviour. Thus, the experimental program comprised cyc-
lic thermal tests under a constant vertical effective stress in
oedometric conditions and CNS direct shear tests, where
the soil-concrete interface was subjected to thermal cycles.
Specifically, monotonic shearing was performed under
CNS conditions at ambient temperature after the applica-
tion of cyclic thermal loads under CNS conditions. In the
following the focus is on the samples of clayey soil under
normally consolidated conditions because from the rheo-
logical evidence in the literature these are the ones that
could determine a greater variation of the normal stresses
with a consequent effect on the shear strength of the piles
Fig. 1. Interpretation of the direct shear test.
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(Laloui and Rotta Loria, 2019; Rotta Loria and
Coulibaly, 2020; Ravera et al., 2021). In this study the main
specifications and results are presented to support the
understanding of the theoretical interpretation and the
constitutive model.

Oedometric results (Fig. 2(a)) highlighted that the cyclic
volumetric response of fine-grained soil to thermal cycles is
mainly reversible. When this is contextualised in the theo-
retical interpretation of the behaviour at the interface,
reversible behaviour indicates that the boundary conditions
of the interface are not changed by the temperature cycles.
The stiffness exerted on the interface by the oedometric
part of the sample remains unchanged after the application
of thermal cycles.

Constant normal stiffness direct shear tests (Fig. 2(b))
provide indications regarding the likelihood of the degra-
dation of the shear strength of the pile under a cyclic ther-
mal load. Indeed, shear strength is by its definition a
function of normal stress (to the plane, where it is consid-
ered) and reducing normal stress from an elastic state may
lead to failure (like in cyclic mobility failure). No signifi-
cant difference in the shear response behaviour of the inter-
face after thermal cycles has been observed by Ravera et al.
(2021) compared to a purely mechanical stress path. The
application of the thermal load had a minimal effect (or
no effect) on the shear stress in the shearing phase. This
implies that the failure envelope remained practically
unchanged.

Based on the observations described in Ravera et al.
(2021), the volume change did not significantly affect the
shear resistance under the investigated conditions, i.e., no
significant changes in the effective normal stress during
the thermal cycles were noted (Ravera et al., 2021) indicat-
ing a negligible effect of the temperature at the interface.
On the basis of the rheological evidence discussed above,
a constitutive model is proposed below for studying the
interfaces of both conventional and energy piles.

4. Soil-structure interface model

The equivalent continuum theory is not applicable to
mechanisms that involve large relative displacements
between the grains or large rotations of the grains, e.g.,
when the soil-structure interface is sheared. Therefore,
specific interface constitutive equations are needed to
numerically simulate the soil-structure interaction in cases
where localised large displacements are expected (Boulon
and Nova,1990). To model the fundamental aspects of
the shearing behaviour of an interface, a representative
constitutive model must represent the different responses
of the element being analysed in relation to the path and
type of load. The previously described experimental results
suggest a negligible effect of the temperature. Therefore, a
mathematical formulation independent of this variable is
considered.

A pragmatic approach adopted by Boulon (1989),
Boulon and Nova (1990), and Ghionna and Mortara



Fig. 2. (a) Thermal axial strain of a normally consolidated clayey soil during drained heating–cooling cycles (initial consolidation pressure of 125 kPa). (b)
Results of clay-concrete interface tests under CNS conditions. Comparisons between isothermal (CNS) and cyclic thermal tests (CNS T)(modified from
Ravera et al. (2021)).
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(2002) involves idealising the soil-structure interface as a
surface and thus as a bidimensional continuum. The inter-
face is replaced by a zone of zero thickness where kinematic
discontinuities occur. This idealisation can be used to
model the complex phenomena occurring between the
two boundaries of a shear band inside the soil adjacent
to a structure (Boulon, 1989). Using this approach, the
model was formulated with the interface stress and dis-
placement. Hereafter, the development of an interface
model for simulating the failure mechanism along the
inclusion in the soil is presented.
4.1. Elastoplastic framework for soil-structure interface

behaviour

The mathematical model of the interface behaviour pre-
sented herein employs the concepts of elastoplasticity. The
objective was to develop an elastoplastic model for inter-
faces between soil and rigid inclusions. Elastoplastic mod-
els for interface behaviour have been proposed by Boulon
and Nova (1990) and Ghionna and Mortara (2002). A sim-
ilar approach was used in this study. The model presented
herein is based on the extended Mohr-Coulomb model
with the hardening model presented by Wood (2004),
which is generally used for triaxial tests. The choice of
the model is based on the need to provide engineers with
a suitable tool for geotechnical problems. Thus, Mohr
Coulomb models are commonly used; additionally, engi-
neers are more likely to use models that they are familiar
with (Wood, 2004). The description of the model presented
by Wood (2004) refers to conditions that are accessible in
the conventional triaxial apparatus. The behaviour
observed in the triaxial device can be compared equiva-
4

lently to the behaviour observed in the shear device; a
direct analogy can be drawn between the strain increments
and the displacement increments and between the effective
stresses and the loads (Wood, 2004). Thus, there is a formal
correspondence between p’, q, ep, and eq in a triaxial test
and between r’n, s, u, and w in a direct shear test. Finally,
in both cases, models with the same mathematical structure
can be employed, except for the choice of appropriate vari-
ables (Boulon & Nova, 1990).

The formulations of the main components of the model
are rewritten below for the bidimensional case and with ref-
erence to the variables of the direct shear test. Using an
elastoplastic framework, the underlying assumption is that
the displacement increments can be divided into elastic (e)
and plastic (p).

du ¼ due þ dup ð1Þ
dw ¼ dwe þ dwp ð2Þ
Here, du represents the axial displacement, and dw repre-
sents the tangential displacement.
4.1.1. Elastic properties

Linear elastic behaviour is assumed, similar to the study
of Ghionna & Mortara (2002).

dr
0
n

ds

" #
¼ Kn 0

0 Ks

� �
due

dwe

� �
ð3Þ

The elastic properties are the normal stiffness, Kn, and
the shear stiffness, Ks, which are proportional to a constant,
CK .

Ks ¼ CKKn ð4Þ
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This originates from the formulation of the model in
terms of stress and displacement.
4.1.2. Yield function

The yield function identifies the region in the stress
space where the behaviour is elastic. The criterion adopted
in this study is

f r
0
n; s; k

� � ¼ s� kr
0
n ð5Þ

where k is a hardening parameter that indicates the current
size of the yield surface and is given by the maximum stress

ratio s=r
0
n attained in the interface.
Fig. 3. Elastoplastic model for the interface: yield function (fi); plastic
potential curves (gi).

Table 1
4.1.3. Flow rule

The flow rule is the ingredient of the hardening plastic
model to describe the mechanism of plastic deformation
(Wood, 2004). The proposed formulation is based on the
precursor stress-dilatancy relationship presented by
Taylor (1948).

dy
dx ¼ l� Q

P
ð6Þ

Here, dy represents the vertical (volumetric) displacement,
dx represents the horizontal (shearing) displacement, Q

represents the horizontal load, P represents the vertical
load, and l is a coefficient that expresses the frictional con-
tribution. In this study, similar to the studies of Boulon and
Nova (1990) and Ghionna and Mortara (2002), the stress-
dilatancy relationship controlled the ratio of the plastic dis-
placement increments. It can be expressed as

dup

dwp ¼ l� s
r
0
n

ð7Þ

Then, the flow rule is expressed as

dup

dwp

� �
¼ k

@g
@r
0
n

@g
@s

" #
¼ k

l� k

1

� �
ð8Þ

The corresponding non associated plastic potential func-
tion is as follows:

g r0ð Þ ¼ s� lr
0
nln

r
0
n

r
0
r

ð9Þ

where r
0
r is an arbitrary variable for generating plastic

potential curves passing thorough the current stress state
of this general class (Wood, 2004).

Fig. 3 shows the plastic potential curves, the yield func-
tions, and the directions of the plastic displacement incre-
ment vectors.
Calibrated parameters for the predictive analyses.

Elastic parameters
Normal stiffness [kPa/mm], Kn 1500

Shear stiffness [kPa/mm], Ks 1500

Plastic parameters
Shear coefficient, l 0.47

Limiting value of stress ratio, kp 0.442

Soil constant, a 0.02
4.1.4. Hardening rule

In this model, the hardening is related to the shear dis-
placements only. Therefore, the normalised stiffness reduc-
tion is described by a hyperbolic relationship between the
stress ratio and the shear displacements:

k
kp
¼ wp

aþwp ð10Þ
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where kp is the upper limit of the stress ratio, and a is a soil
constant. Equation (10) can also be written in incremental
form:

dk=dup

dk=dwp

� �
¼

0
ðkp�kÞ2
akp

" #
ð11Þ
4.1.5. Model parameters

The elastic-hardening plastic model presented herein is
characterised by five constitutive parameters, as shown in
Table 1. These can be determined using the results of the
standard CNL direct shear tests and standard oedometric
tests.

4.1.6. Numerical integration of constitutive model

With the foregoing analytical functions, the elastoplastic
problem can be expressed as follows:

dr ¼ De � De@g
@r

@f
@r

T
De

@f
@r

T
De@g

@rþH

� �
dU ¼ DepdU ð12Þ

where r represents the stress vector, De represents the elas-
tic stiffness matrix, H is the hardening parameter, Dep rep-
resents the elastoplastic stiffness matrix, and U represents
the displacement vector.



Fig. 4. Sensitivity analysis results for the parameter kp.

E. Ravera, L. Laloui Soils and Foundations 62 (2022) 101152
The constitutive equation was integrated using a stress
point algorithm. An explicit method with automatic sub-
stepping and error control presented by Sloan (1987) and
Sloan et al. (2001) was used, as its reliability and efficiency
for such models had been proven. Specifically, modified
Euler integration with error control was adopted, and addi-
tional stress control was implemented to apply the CNS
conditions (Appendix A).

4.2. Model application

4.2.1. Calibration tests

Calibration against laboratory tests was necessary for
obtaining the parameters of the model. To define the per-
formance appropriately, it was necessary to select the tests
to calibrate the material parameters and the tests on which
the blind simulations would be made. This distinction is
important for assessing the criticality of the model in the
predictive phase.

Consequently, the standard oedometric tests presented
in Ravera et al. (2021) have been used to define the elastic
6

parameters. As reported by Mortara (2001), the normal
elastic stiffness Kn is the ratio of the oedometric modulus
to the interface thickness. Eoed ffi 3000 kPa was defined as
the average value of the two tests in the range of the normal
stress which was simulated later in the predictive phase of
the model (125–250 kPa). For the interface thickness no
direct measurement was possible. In previous studies,
researchers evaluated the interface thickness using various
techniques (DeJong et al., 2003; Fakharian & Evgin,
1997). However, these studies involved granular soil, and
the interface thickness was usually defined with reference
to the grain size; it is impossible to adopt the same criteria
in the case of fine-grained soil, where the cohesion also
plays a role. In the case of granular soil, the observed inter-
face thickness is in the range of 1–3 mm. For fine-grained
soil Thakur (2007) and Thakur (2011) measured the thick-
ness in the range of 3–4 mm. Vardoulakis (2002b) and
Vardoulakis (2002a) estimated the thickness in clay to be
1.4 mm based on the observations made by Morgenstern
and Tchalenko (1967). Moore and Rowe (1988) assumed
the thickness in clay to be in the range of 0.1–20 mm.



Fig. 5. Sensitivity analysis results for the parameter a.
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Alonso et al. (2010) observed a thickness of 3–5 mm.
Chakraborty et al. (2013) assumed a 2 mm thickness in clay
in their numerical simulation. In this study, at the end of
the test, a layer of fine material adhering to the concrete
above which the slip occurred was observed. Therefore,
the interface thickness was observed to be s ¼ 2 mm. How-
ever, the precise quantification of the thickness of the inter-
face is a delicate process (Pra-ai & Boulon, 2017) that
remains an issue of debate within the scientific community.
Ck was set to 1 as by Ghionna & Mortara (2002).

The CNL clay-concrete interface tests at ambient tem-
perature performed by Di Donna et al. (2016) were used
to establish the plastic parameters (l, kp, a). A value of

u
0
cv ¼ 25� has been reported for the interface CNL inter-

face test, corresponding to l ¼ tanu
0
cv ¼ 0.47. kp is the lim-

iting value of the stress ratio. The test results indicated that
kp was 0.442. As this value is derived from an interpreta-
tion of the experimental data, there are other defensible
values of the parameter, as indicated by the results on the
(w, s) plane. Closely examining the mathematical formula-
tion of the model reveals that the volumetric response
7

depends on the relative values of kp and l. Thus, the volu-
metric response derived from the test is an important guide
for the definition of the parameter. In this case, continuing
volumetric compression (as failure is approached) has been
observed. Thus, kp < l is considered appropriate. However,
considering the uncertainty in the choice related to the sub-
jectivity of the modeller, a sensitivity analysis of the param-
eter was performed, and the results are presented in Fig. 4.
The stress path was not significantly affected before failure.
The sensitivity of the response was noticed after the critical
state line was reached. The difference was closely related to
the volumetric behaviour of the material. Therefore, the
information obtained from the CNL test (whether the
material contracts or dilates) was important for the defini-
tion of this parameter. The sensitivity to this parameter is a
potential limitation in the confidence of the model. This
limitation indicates some of the deficiencies associated with
the simplicity of the model that would need to be rectified if
it were to be used for analyses where the need for accurate
representation justifies an increase in modelling complex-
ity. The last parameter is a, i.e. a soil constant that scale



Fig. 6. Comparisons between the experimental results and the model predictions.
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the plastic displacement. a = 0.02 is the tangential displace-
ment required to reach a stress ratio of 70% of the limiting
value. A sensitivity analysis was also performed for this
parameter to investigate its effect on the prediction results.
The observations were similar to those in the previous case,
but with a less marked effect. As shown in Fig. 5, in the
range analysed, the overall response changed only moder-
ately as the parameter value changed. Table 1 presents
the calibrated parameters. An important feature of the
model is that only standard CNL tests and standard oedo-
metric tests are required for the derivation of the parame-
ters. In particular, a minimum of three monotonic CNL
tests and one oedometer are sufficient to determine the
parameters.
4.2.2. Validation tests

The experimental tests and model predictions were com-
pared with reference to the tests described in the Rheolog-

ical evidences section of this paper.
Fig. 6 presents comparisons between the experimental

data obtained in the CNS tests, where thermal cycles were
applied (CNS T with reference to Fig. 2), and predicted
curves. Satisfactory agreement between the model predic-
tions and experimental data is observed, particularly for
8

the prediction of the overall response (rather than detailed
modelling of specific aspects). Some of the deficiencies are
associated with the simplicity of the model. However, the
(r’n, s) plane is the plane of greatest interest in foundation
design, because the failure envelope is identified. The stress
path that leads to failure was accurately predicted by pro-
viding important information about the evolution of the
process in the pre-failure phase. The sensitivity of the
response was noticed after the critical state line was
reached. In practice, pre-peak response may be adequate
since working loads are not intended to produce significant
amounts of failure. The effectiveness of using an isothermal
approach to model the results of the tests subjected to ther-
mal cycles is illustrated. Given the limitations of the model
due to its simplicity, however, it is highlighted that the
model would have to be adjusted if it were to be used for
analyses in which the need for accurate representation jus-
tifies an increase in the complexity of modelling.
5. Conclusion

The pile-soil interaction is a complex problem com-
monly encountered in geotechnical design, and the domi-
nant factor to be considered for modelling this
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phenomenon is the pile-soil interface. Indeed, the thin con-
tact layer between the soil and the pile is strongly strained
when the pile is loaded.

In this study, the soil-structure interface response was
investigated, and the failure mechanism that is likely to
be important in energy pile application was identified.
The interface response of energy piles reproduced in the
laboratory via cyclic thermal oedometric tests and cyclic
thermal direct shear tests at a prescribed normal stiffness
was analysed. The experimental results indicated that the
interface behaviour for the energy pile when a cyclic tem-
perature variation was applied was not different from that
of conventional pile. This suggests that the mathematical
models of the interface should have the same formal struc-
ture as the constitutive models normally employed for con-
ventional piles. Raising the awareness of the modeler
regarding the appropriate choices in constitutive modelling
for finite-element or load-transfer analysis is of primary
importance for the design of energy pile foundations. In
the soil-structure interface behaviour, the use of constitu-
tive laws in terms of stresses and strain (as in an elementary
volume of soil) is prevented. The constitutive law should
instead be expressed in terms of the stress vectors and rel-
ative displacements. An elastoplastic extended Mohr-
Coulomb model with different variables (i.e., the relative
tangential displacement corresponding to the shear strain)
was proposed.

The proposed model requires a small number of param-
eters to completely describe the interface behaviour and the
possibility to define them experimentally with commonly
used soil test devices for geotechnical problems, which is
a significant advantage for practical applications.
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Appendix A - Algorithm for the implementation of the

constitutive model

This appendix describes the algorithm used to imple-
ment the constitutive model. The algorithm presented
refers to the works of Sloan (1987), Sloan et al. (2001)
and Bosch LLufriu (2021) and has been adapted and mod-
ified for the specific application of this study.

6.1. Explicit modified Euler algorithm with error control

A.1 Enter with the initial stresses, r0, the initial harden-
ing parameter, k0, the temperature, T , together with the dis-
placement increment for the current load step DU

A.2 Compute the trial stress

Drtr
e ¼ De � DU ðA:1aÞ

rtr
e ¼ r0 þ Drtr

e ðA:1bÞ

9

A.3 Check the yield condition

f 0 ¼ f ðr0; k0; T Þ ðA:2aÞ
f tr ¼ f ðrtr

e ; k0; T Þ ðA:2bÞ
a. if f 0 > FTOL the stress state lies outside the yield sur-
face therefore it is an illegal state.

b. if f tr � FTOL the stress state remains inside the yield-
ing domain, hence the stress increment is purely elas-
tic. Set rf ¼ rtr

e and kf ¼ k0. Exit the algorithm.

c. if f 0 < �FTOL and f tr > FTOL the increment causes a
violation of the yield limit so there is a transition
from elastic to plastic beahviour. It is necessary to
find the intersection of the stress path with the yield
surface. Compute the a factor that correspond to
purely elastic deformation using Pegasus intersection
scheme.

d. if �FTOL � f 0 � FTOL and f tr > FTOL the increment
is purely plastic, a is set equal to zero.

A.4 Compute the purely elastic portion of the increment

DUe ¼ a � DU ðA:3aÞ
Dre ¼ De � DU ðA:3bÞ

A.5 Compute the plastic portion of the increment

DUp ¼ ð1� aÞ � DU ðA:4Þ
A.6 Adopt a substepping procedure to solve the elasto-

plastic increments. Set t ¼ 0 and Dt ¼ 1. Initialise

rt ¼ r0 þ Dre ðA:5aÞ
kt ¼ k0 ðA:5bÞ

A.7 While t < 1 perform steps A.8–A.15
A.8 Compute Dri and Dki for i ¼ 1; 2 using:

Dri ¼ De � DUp � Dt � Dk ri; ki; T ;Dre;i;Dtð Þ �De � b ki; Tð Þ
ðA:6aÞ

Dki ¼ Dk ri; ki; T ;Dre;i;Dtð Þ � B ki; Tð Þ ðA:6bÞ
where

Dk ¼ aT �Dre�Dt
HþaT �De�b ðA:7aÞ

H ¼ � @f
@k

@kT

@Up
@g
@r

ðA:7bÞ
B ¼ @kT

@Up
@g
@r

ðA:7cÞ
a ¼ @f

@r
ðA:7dÞ

b ¼ @g
@r

ðA:7eÞ
and

r1 ¼ rt; k1 ¼ kt ðA:8aÞ
r2 ¼ rt þ Dr1; k2 ¼ kt þ Dk1 ðA:8bÞ

A.9 The new stress and hardening parameter are com-
puted and stored temporarily

rtemp ¼ rt þ 1
2
� Dr1 þ Dr2ð Þ ðA:9aÞ
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ktemp ¼ kt þ 1
2
� Dk1 þ Dk2ð Þ ðA:9bÞ

A.10 The relative error for the current substep is com-
puted as

Rtemp ¼ max kDr1�Dr2k
2krtempk ; kDk1�Dk2k

2kktempk ;EPS
� �

ðA:10Þ

where EPS is the machine epsilon indicating the smallest
relative error that may be computed.

A.11 If Rtemp > SSTOL the substep is refused and a smal-
ler Dt is computed

q ¼ max 0:9
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SSTOL=Rtemp

p
; 0:1

� � ðA:11Þ
Dt max qDt;Dtminð Þ ðA:12Þ
where Dtmin is the minimum substep size. Return to step A.8

A.12 If Rtemp � SSTOL the substepping is successful and
the stresses and hardening parameter are updated

rt ¼ rtemp ðA:13aÞ
kt ¼ ktemp ðA:13bÞ

A.13 The updated stress state should be verified. If
f ðrt; kt; T Þj j > FTOL the stress state is not legal. A stress
correction algorithm is applied in order to returning the
stress state back to the yield surface.

A.14 The size of the next substep and new Dt are com-
puted according to

t t þ Dt ðA:14aÞ
q ¼ min 0:9

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SSTOL=Rnew

p
; 1:1

� �
ðA:14bÞ

t qDt ðA:14cÞ
Ensure the next step size is not smaller than the mini-

mum step size and check that integration does not proceed
beyond t ¼ 1 by setting:

Dt maxðDt;DtminÞ ðA:15aÞ
Dt minðDt; 1� tÞ ðA:15bÞ

A.15 Exit with stresses rf ¼ rt and hardening parameter
kf ¼ kt at the end of increment with t ¼ 1:

The stresses rf are cheked in an iterative process to
ensure that the CNS conditions are respected.

6.2. Pegasus intersection scheme

Pegasus procedure allows to define the scalar quantity a
to solve the yield surface intersection.

A.16 Enter with the current stresses, r0; the hardening
parameter, k0; the temperature, T, together with the dis-
placement increment for the current load step DU .

A.17 Initialise the parameters

a0 ¼ 0 ðA:16aÞ
a1 ¼ 1 ðA:16bÞ
f new ¼ 1 ðA:16cÞ
10
A.18 Compute the elastic stress increment

Dre ¼ De � DU ðA:17aÞ
ra0 ¼ r0 þ ða0 � DreÞ ðA:17bÞ
ra1 ¼ r0 þ ða1 � DreÞ ðA:17cÞ

A.19 Compute

f 0 ¼ f ðra0 ; k0; T Þ ðA:18aÞ
f 1 ¼ f ra1 ; k0; Tð Þ ðA:18bÞ

A.20 While f newj j > FTOL and N� iterations < MAXITS
calculate

a ¼ a1 � f 1 � a1�a0f 1�f 0 ðA:19Þ
A.21 Set

rnew ¼ r0 þ a � Dreð Þ ðA:20aÞ
f new ¼ f rnew; k0; Tð Þ ðA:20bÞ
a. If f newj j � FTOL return a
b. If f new � f 0 < 0 set a1 ¼ a0 and f 1 ¼ f 0

c. Else set f 1 ¼ f 1 � f 0
f 0þf new

A.22 Set a0 ¼ a and f 0 ¼ f new

A.23 If the convergence is not achieved after MAXITS
iterations, print an error message and stop.

6.3. Yield surface correction scheme

The use of an explicit integration does not guarantee
that the stress point lies on the yield surface at the end of
an integration step. To correct the stress state to the yield
surface:

A.24 Enter with uncorrected stress rt, hardening param-
eter, kt and the temperature T .

A.25 While N� iterations < MAXITS compute:

Dk ¼ f 0 rt ;kt ;Tð Þ
H rt ;kt ;Tð ÞþaT ktð Þ�De�b kt ;Tð Þ ðA:21Þ

A.26 Correct the stress and hardening parameter

rcorr ¼ rt � Dk rt; kt; Tð Þ �De � b kt; Tð Þ ðA:22aÞ
kcorr ¼ kt þ Dk rt; kt; Tð Þ �De � B kt; Tð Þ ðA:22bÞ

A.27 Compute

f 1 ¼ f rcorr; kcorr; Tð Þ ðA:23Þ
a. If f 1j j > f 0j j

Dk ¼ f 0 rt ;kt ;Tð Þ
aT ktð Þ�a ktð Þ ðA:24aÞ

rcorr ¼ rt � Dk rt; kt; Tð Þ � a ktð Þ ðA:24bÞ
kcorr ¼ kt ðA:24cÞ

b. If f 1j j < FTOL exit the algorithm with rcorr and kcorr:
A.28 Set rt ¼ rcorr and kt ¼ kcorr.
A.29 If convergence is not achieved print an error

message and stop.
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Rev. Fr. Géotech. 81, 53–80.

Rotta Loria, A.F., Coulibaly, J.B., 2020. Thermally induced deformation
of soils: a critical overview of phenomena, challenges and opportuni-
ties. Geomech. Energy Environ. 25. https://doi.org/10.1016/j.
gete.2020.100193 100193.

Shakir, R.R., Zhu, J., 2009. Behavior of compacted clay-concrete
interface. Front. Arch. Civ. Eng. China 3 (1), 85–92.

Sloan, S.W., 1987. Substepping schemes for the numerical integration of
elastoplastic stress–strain relations. Int. J. Numer. Meth. Eng. 24 (5),
893–911.

Sloan, S.W., Abbo, A.J., Sheng, D., 2001. Refined explicit integration of
elastoplastic models with automatic error control. Eng. Comput.: Int.
J. Comput.-Aid. Eng. 18 (1–2), 121–194.

Taylor, D.W. (1948). Fundamentals of soil mechanics (Vol. 66, No. 2, p.
161). LWW.

Thakur, V. (2007). Strain localization in sensitive soft clays. PhD thesis.
NTNU, Trondheim.

Tabucanon, J.T., Airey, D.W., Poulos, H.G., 1995. Pile skin friction in
sands from constant normal stiffness tests. Geotech. Test. J. 18 (3), 350.

Thakur, V., 2011. Numerically observed shear bands in soft sensitive
clays. Geomech. Geoeng.: Int. J. 6 (2), 131–146.

Tsubakihara, Y., Kishida, H., 1993. Frictional behaviour between
normally consoli dated clay and steel by two direct shear type
apparatuses. Soils Found. 33 (2), 1–13.

Vardoulakis, I., 2002a. Steady shear and thermal run-away in clayey
gouges. Int. J. Solids Struct. 39 (13-14), 3831–3844.

Vardoulakis, I., 2002b. Dynamic thermo-poro-mechanical analysis of
catastrophic landslides. Geotechnique 52 (3), 157–171.

Wood, D.M., 2004. Geotechnical Modelling. CRC Press.
Yavari, N., Tang, A.M., Pereira, J.M., Hassen, G., 2016. Effect of

temperature on the shear strength of soils and the soil–structure
interface. Can. Geotech. J. 53 (7), 1186–1194.

Yazdani, S., Helwany, S., Olgun, G., 2019. Influence of temperature on
soil–pile interface shear strength. Geomech. Energy Environ. 18, 69–
78.

http://refhub.elsevier.com/S0038-0806(22)00060-9/h0005
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0005
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0015
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0015
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0025
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0025
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0025
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0030
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0030
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0035
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0035
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0035
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0040
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0040
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0040
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0045
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0045
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0050
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0050
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0050
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0055
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0055
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0055
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0060
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0060
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0060
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0060
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0065
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0065
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0065
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0070
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0070
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0070
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0070
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0075
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0075
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0085
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0085
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0090
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0090
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0090
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0095
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0095
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0095
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0100
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0100
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0105
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0105
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0105
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0110
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0115
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0115
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0115
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0120
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0120
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0125
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0125
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0125
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0130
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0130
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0130
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0135
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0135
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0140
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0140
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0140
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0145
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0145
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0150
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0150
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0155
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0160
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0160
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0165
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0165
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0165
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0170
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0170
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0175
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0175
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0175
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0180
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0180
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0180
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0180
https://doi.org/10.1016/j.gete.2020.100193
https://doi.org/10.1016/j.gete.2020.100193
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0190
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0190
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0195
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0195
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0195
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0200
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0200
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0200
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0205
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0205
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0220
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0220
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0225
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0225
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0225
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0230
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0230
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0235
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0235
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0240
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0245
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0245
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0245
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0250
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0250
http://refhub.elsevier.com/S0038-0806(22)00060-9/h0250

	Failure mechanism of fine-grained soil-structure interface�for energy piles
	1 Introduction
	2 Element test
	3 Rheological evidences
	4 Soil-structure interface model
	4.1 Elastoplastic framework for soil-structure interface behaviour
	4.1.1 Elastic properties
	4.1.2 Yield function
	4.1.3 Flow rule
	4.1.4 Hardening rule
	4.1.5 Model parameters
	4.1.6 Numerical integration of constitutive model

	4.2 Model application
	4.2.1 Calibration tests
	4.2.2 Validation tests


	5 Conclusion
	Acknowledgement
	Appendix A - Algorithm for the implementation of the constitutive model
	6.1 Explicit modified Euler algorithm with error control
	6.2 Pegasus intersection scheme
	6.3 Yield surface correction scheme

	References


