Proceedings of the XVIII| ECSMGE 2024
GEOTECHNICAL ENGINEERING CHALLENGES

TO MEET CURRENT AND EMERGING NEEDS OF SOCIETY
© 2024 the Authors

ECSMGE 24

ON SOIL MECHANICS AND

/ XVIII EUROPEAN CONFERENCE

ISBN 978-1-032-54816-6 GEOTECHNICAL ENGINEERING
DOI 10.1201/9781003431749-637

Open Access: www.taylorfrancis.com, CC BY-NC-ND 4.0 license

S —

A coupled thermo-hydro-mechanical hypoplastic model for
fine-grained soils accounting small strain effects
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ABSTRACT: Several geotechnical applications such as nuclear waste disposal storage, buried high-voltage cables,
pavements and geothermal energy are subjected to non-isothermal loading stages. The prediction of their behaviour requires
constitutive models able to reproduce its response under a wide range of loading and thermal conditions. This paper is
devoted to the development of a coupled thermo-hydro-mechanical hypoplastic model for fine-grained soils with the
consideration of small-strain effects. Its formulation is based on the coupled-hydro-mechanical hypoplastic model by Wong
and Masin (2014) extended to account for temperature effects. The resulting constitutive model predicts large strain
asymptotic behaviour and small-strain path-dependent effects on unsaturated conditions at different temperatures. Selected
simulations were carried out to validate the proposed model based on the experimental results of constant water cyclic triaxial
tests under suction- and temperature-controlled conditions, performed by Ng and Zhou (2014) on a completely decomposed
tuff subjected to constant water cyclic triaxial loading at suction and temperature-controlled conditions. The comparison
between experimental and simulation results suggests that the proposed constitutive model accurately reproduces the
influence of temperature on the accumulation rates of strain under cyclic loading at partially saturated conditions.

RESUME: Plusieurs applications géotechniques telles que le stockage des déchets nucléaires, les cables haute tension
enterrés, les chaussées et I'énergie géothermique sont soumises a des phases de chargement non isothermes. La prédiction
de leur comportement nécessite des modeéles constitutifs capables de reproduire leur réponse dans une large gamme de
conditions de chargement et de conditions thermiques. Cet article est consacré au développement d'un modeéle hypoplastique
thermo-hydro-mécanique couplé pour les sols a grains fins avec prise en compte des effets de petites déformations. Sa
formulation est basée sur le modeéle hypoplastique couplé hydro-mécanique de Wong et Masin (2014) étendu pour prendre
en compte les effets de la température. Le modéle constitutif qui en résulte prédit le comportement asymptotique des grandes
déformations et les effets dépendants du chemin des petites déformations dans des conditions non saturées a différentes
températures. Des simulations sélectionnées ont été effectuées pour valider le modeéle proposé sur la base des résultats
expérimentaux d'essais triaxiaux cycliques a eau constante dans des conditions d'aspiration et de température controlées,
réalisés par Ng et Zhou (2014) sur un tuf complétement décomposé soumis a une charge triaxiale cyclique a eau constante
dans des conditions d'aspiration et de température controlées. La comparaison entre les résultats expérimentaux et de
simulation suggére que le modeéle constitutif proposé reproduit avec précision l'influence de la température sur les taux
d'accumulation de déformation sous chargement cyclique dans des conditions partiellement saturées.
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1 INTRODUCTION

Given the growing demand for new alternative energy
sources, energy piles have been developed as an eco-
friendly solution for heating and cooling buildings.
This represent an example where the soil undergoes
thermo-hydro-mechanical loading, which can vary in
a cyclic manner.

Constitutive models that are robust and well-
validated are essential for accurately reproducing this
behaviour. Among these models, the one of the first
within the hypoplastic family to account for the effects

of temperature and suction in soil response was
developed by Masin and Khalili (2012). In addition,
for reproducing small strain stiffness effects,
hypoplastic models have been enhanced with various
concepts, including the intergranular strain (Niemunis
and Herle, 1997, Wegener and Herle, 2014), ISA
(Poblete, Fuentes, and Triantafyllidis, 2016), and the
so-called ISI (Duque et al.,, 2020). Consequently,
Wong and Masin (2014) combined the IS concept with
the formulations from Masin and Khalili (2008) and
Masin (2010) to capture small strain stiffness effects
in partially saturated fine-grained soils.
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In the present work, the constitutive model by
Wong and Masin (2014) was further enhanced by
incorporating the ISI concept by Duque et al. (2020)
along with a new modification for capturing the effects
of temperature and suction on fine-grained soils
subjected to cyclic mechanical loading. The numerical
model was validated by comparing the results of
element tests simulations with the experimental results
from Ng and Zhou (2014), who conducted constant
water content cyclic triaxial tests on a silt (ML) at three
suctions s = {0,30,60} kPa and temperatures T =
{25,40,60}°C. The results suggest that the model is
able to capture the coupled thermo-hydromechanical
effects of partially saturated fine-grained soils when
subjected to cyclic loading.

2 BRIEF DESCRIPTION OF THE MODEL
FORMULATION

The constitutive model presented in this paper was
developed hierarchically from previous hypoplastic
models. It evolves from the coupled hydromechanical
hypoplastic model for predicting small strain stiffness
developed by Wong and Masin (2014). The model can
reproduce asymptotic and large strain behaviour for
partially saturated soils, and it predicts the effects of
temperature at large strains following the formulation
proposed by Masin and Khalili (2012). The model is
defined using the effective stress approach by Khabbaz
and Khalili (1998) and it integrates a modified
temperature-dependent smoothed hysteretic water
retention curve proposed by Svoboda et al. (2023) for
predicting coupled thermo-hydro mechanical effects.

Furthermore, the ISI concept by Duque et al. (2020)
was modified and incorporated into the model
formulation to predict small strain behaviour under
different temperatures and suction magnitudes.

The general rate form of the model is given by

6 =[fs(L:(E— &) +fyNlle— &[] +
fu (Hs + HT) (1)

where & represents the stress rate tensor, L and N
correspond to the fourth and second order hypoplastic
constitutive tensors, respectively, & is the Euler
stretching tensor, Hg and Ht are second order tensors
for predicting wetting and heating induced collapse,
respectively, and £'F is a second order tensor that
accounts for fully reversible strains resulting from
thermal expansion. The latter follows:

£7E =2 a,T )
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where ag corresponds to the thermal expansion
cofficient of the soil.

2.1 Small strain stiffness effects

The constitutive model predicts small strain stiffness
effects using the ISI concept by Duque et al. (2020),
which allows accurate predictions of accumulation
rates under cyclic loading. For its incorporation,
Equation (1) can be rewritten as:

6= M:(e—&E) + f,(Hs + Hy) (3)

where M corresponds to the tangent stiffness tensor
and its calculation is given according to

M = [ngmr + (1 —ng)mR]f:gL +
pXs(1 —my)f, L:88 + pXof,fyN for8: (e — &TE) > 0
pXa(mg — my) fiL: EY) for &: (E-£"F)<0

“

The ISI concept includes a function for describing
the value of x4 as follows:

Xg = X0+ & (Xmax + Xo) (5)

where y, and Xpqr are model parameters under
saturated and ambient temperature conditions. While,
Q corresponds to an internal state variable that evolves
according to the number of cycles performed. (Q — 1)
when the intergranular strain is not mobilized and
becomes 0 during monotonic paths according to

Q= Co(1—p¥s — Q)] (6)

where y, governs the stiffness degradation of the
material and the strain accumulation upon cyclic
loading. The effects of temperature and partial
saturation on cyclic loading were incorporated into the
model by reformulating the parameter x,,q, from
Equation (5) dependent on temperature, according to
the following:

O T
Ximax (57, T) = ZmaxSE (i (7 87 + 1) (1)

where U7 is a new model parameter that captures the
effect of temperature in strain accumulation during
cyclic loading. In addition, 9, controls the influence
of partial saturation upon cyclic loading.
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3  MODEL CALIBRATION AND ELEMENT
TESTS SIMULATIONS

The model was calibrated and validated using
experimental data available in the literature on a
completely decomposed tuff (Ng et al., 2009; Ng and
Xu, 2012; Ng and Zhou, 2014; Zhou, 2014). This
material is classified as a low plasticity silt (ML)
according to the Unified Soil Classification System.

Table 1. Calibrated parameters.

Basic  Thermo- WRC Gipo ISI
model hydro model model model
mechan-
ical
Pc N Seno Ag R
35° 0.035 -58 kPa 4220 0.0002
A lg € ng Br
0.054 0.0001 0.568 0.55 0.06
K* nr lpo mg Tm
0.005 -0.01 0.6 0.7 0.00001
N lr a, kg, Xo
0.72 0.0 0.5 0.18 0.15
Vop m a Myat Xmax
0.3 5.0 0.118 N/m 1.0 0.31
ag Y, b T, Yy
1.0 0.54 -0.000154 -1.8 7.0
N/mK
ag Tref C
0.000035 208.1 K 30
Uy
0.54
Ur
0.6

Isotropic compression tests at three suction
magnitudes were employed for calibrating the
parameters corresponding to the basic hypoplastic
model (1%, k,N) and the parameters controlling the
unsaturated mechanical effects (ng, l;,m). The
parameters governing the smoothed hysteretic water
retention model (SenO'eO'ApO' ae) were calibrated
using water retention curves measured with a modified
triaxial volumetric pressure plate system at two
confining pressures. Triaxial tests under constant p™¢¢
conditions with bender element measurements were
employed to calibrate the parameters controlling the
very small strain behaviour under unsaturated
conditions (¢’, Vpp @G, Ag, g, My, kg, Myat)-

To calibrate the parameters related to the ISI
concept (R' Br» Xo» Xmax, Tm Yg C 0w, Or ): six
cyclic constant water content cyclic triaxial tests were
used at three suction magnitudes s = {0, 30,60} kPa
and three temperatures T = {25,40,60}° C. Typical
values were used for the rest of the parameters as there
was no available information for its calibration. The
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numerical model was implemented in the in-house
software TRIAX (Masin, 2023) for element tests
simulations. The software also enables the user a direct
incorporation of the subroutine into open-source finite
element software. The final values of the calibrated
parameters are presented in Table 1.

3.1 Results of element tests simulations

In this section, the results of the eclement tests
simulations are compared with laboratory tests results.
3.1.1  Cyclic constant water content triaxial
simulations

The parameters of the constitutive model controlling
the behaviour under small strains were calibrated
based on the experimental results of cyclic constant
water content triaxial tests conducted by Ng and Zhou
(2014). The experiments were performed at three
constant suctions s = {0,30,60} kPa and three
constant temperatures T = {25,40,60}°C, for a total
of nine experiments.

In general, the -constitutive model showed
reasonable predictions of the soil response under
cyclic mechanical loading at various suction and
temperature magnitudes. Figure 1 presents a
comparison of the experimental and numerical results
in terms of deviatoric stress versus shear strain for
saturated conditions {s = 0 kPa} at three different
temperatures T = {25,40,60}° C, respectively. The
numerical predictions are in agreement with the
experimental data, as the model is able to predict an
increase in the total shear strain as temperature
increases.

Figure 2 presents the results of the numerical
predictions and experimental tests evaluated in terms
of the accumulated shear strain versus the number of
cycles for each suction magnitude s = {0, 30, 60} kPa,
respectively. The shading between the lines
correspond to the accumulated shear strain between
the maximum and minimum strain of the applied
deviatoric stress at each loading cycle. As observed,
the model can qualitatively reproduce the increase in
accumulated shear strain with increasing temperature
under constant suction conditions.  Despite
consistently predicting trends, the model underpredicts
the accumulated strain at a suction magnitude of 30
kPa. Additionally, at a suction of suction of 60 kPa, the
highest accumulated strain was observed at a
temperature of 40°C, contradicting most observed
trends during the experiment.

Another important observation is the ability of the
constitutive model to capture the mnon-linear
dependency of the accumulated strain rate on the
number of cycles. This is achieved through the
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incorporation of the ISI concept in the model 2)
formulation, which allows the non-linear evolution of
the accumulated strain with the increase on the number
of cycles. See Figure 2.
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Figure 1. Results of cyclic constant water content triaxial
testsata) T = 25°C )T =40°C ¢) T = 60°C.
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Figure 2. Comparison of accumulated shear strain vs.
number of cycles at T = {25°,40°,60°} at three suction
magnitudes a) s= 0 kPa, b) s=30 kPa, c) s= 60 kPa.
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Figure 3. Comparison of secant shear modulus vs. number
of cycles at T = {25°,40°,60°} at three suction magnitudes
a) s= 0 kPa, b) s=30 kPa, c¢) s=60 kPa. (C=computed,
M=measured).

In addition, the values of strain at the maximum and
minimum of the applied deviatoric stress in each cycle
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were employed to calculate the secant shear modulus.
Figure 3 presents the results for each suction
magnitude. The magnitude of the secant shear
modulus is captured fairly well by the constitutive
model. Moreover, a decreasing magnitude is predicted
as temperature increases, which is in agreement with
additional experimental observations (Bentil and
Zhou, 2022; Zhou et al., 2015)However, the
experimental data predicts and increase in the secant
shear stiffness from 0O cycles to 20 cycles that is not
observed in the experimental data.

4 CONCLUSION

In this work, a coupled thermo-hydro-mechanical
hypoplastic constitutive model accounting for small
strain stiffness effects for fine-grained soils is
introduced. The constitutive model from Wong and
Masin (2014) was further enhanced to include
temperatures effects on soil response. Furthermore, the
ISI concept was introduced into the model with a new
modification for accounting for the effects of
temperature and partially saturated conditions at small
strains.

The constitutive model was validated by comparing
the results of element tests simulations with
experimental data from constant water content cyclic
triaxial test performed at three different suctions and
three temperatures by Ng and Zhou (2014). The results
suggest that the constitutive model reproduces fairly
well the effects of temperature and suction on the soil
response. The constituve model predicts higher total
strains as the temperature increases, as the stiffness of
the soil reduces at higher temperatures. Additionally,
the consitutive model captures the non-linear
dependency of the strain accumulation rate with the
number of cycles. The results were also evaluated in
terms of the secant shear modulus, and the consitutive
model follows the decreasing trend in stiffness with
the increment in temperature at each suction
magnitude.

Despite the consistent predictions observed with
the consitutive model, some limitations were also
found. For instance, the consitutive model under-
predicts the accumulated strain at a suction magnitude
of 30 kPa. The ongoing efforts of the authors involve
evaluating the constitutive model‘s capabitities for
capturing the soil behaviour under cyclic temperature
changes to further apply the constituive model for
predicting the response of energy geo-structures.
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