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On some advanced Thermo-Mechanical models for saturated clays

P.Y. Hong, J.M. Pereira®, A.M. Tang, Y.J. Cui

Université Paris-Est, Laboratoire Navier (UMR 8205), CNRS, ENPC, IFSTTAR, F-77455 Marne-la-Vallée, France.

SUMMARY

This paper aims to evaluate the performance of several recent constitutive models in simulating the
thermo-mechanical behaviour of saturated clays. A classic thermo-mechanical test on natural Boom Clay,
commonly used in constitutive modelling was first clarified. Different methods commonly used to measure
volumetric strain in drained heating tests were then discussed. Models evaluation was performed in terms
of thermodynamic and elasto-plastic requirements. The capability of the models to capture the observed
behaviour was assessed on the basis of the experimental evidence. It was shown that all the models provide
reasonable predictions of the thermo-mechanical behaviour of saturated clays. However, each constitutive
model has its own limitations or unclear points from the theoretical point of view.

KEY WORDS: thermo-mechanical behaviour; saturated clay; constitutive model; theoretical analysis.

1. INTRODUCTION

Relevant thermo-mechanical constitutive models for clays are important in analysing geomechanical
problems such as nuclear waste geological disposals, reservoir engineering, etc.

Various thermo-mechanical models have been developed allowing the description of the thermo-
mechanical behaviour of saturated clays, though with different theoretical approaches. The thermo-
mechanical behaviour of clays has been discussed in detail by several researchers (e.g. [1, 2, 3, 4])
based on the available experimental results. The main features of the thermo-mechanical behaviour
of saturated clays are summarized below:

1. the volume change upon heating depends on the overconsolidation ratio (OCR): at low OCR
values (close to 1), only thermal contraction occurs, but at high OCR values there is first
thermal expansion followed by thermal contraction;

2. the soil compressibility is independent of temperature;

the preconsolidation pressure decreases with increasing temperature;

4. the preconsolidation pressure at a given temperature increases after a heating—cooling cycle
due to the thermal hardening effect.

W

Several constitutive models for describing the thermo-mechanical behaviour of soils were
proposed in the last two decades. Hueckel et al. [5, 6] developed the first thermo-mechanical models
(TM) by extending the well-known Modified Cam Clay model (MCC). A yield surface accounting
for temperature effects on the preconsolidation pressure was introduced to reproduce the plastic
strains due to temperature changes. It was shown however that this model is not capable to predict
the behaviour of soils in overconsolidated state. Robinet et al. [7] established a thermo-elasto-plastic
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model to govern the macroscopic behaviour using a microscopic mechanism, in which irreversible
thermal strains were originally introduced to control thermal softening. Graham et al. [8] proposed
a non-isothermal modified Cam Clay model in an accessible semi-graphical framework rather
than the mathematical framework used by Hueckel and co-workers but still without considering
thermoplastic behaviour in overconsolidated state. Cui et al. [3] introduced an extra yield surface in
the plane of mean effective stress p’—temperature 7', namely thermal yield surface (TY), to better
describe the thermal plastic strains especially in the overconsolidated state. In their models, the
conventional yield limit which characterises the isotropic plastic mechanism and which gives the
preconsolidation pressure as a function of temperature is referred to as the loading yield surface
(LY). Consequently, a double yield surface with TY and LY delimits the reversible elastic domain
in the (p’,T) plane. Following this development, multi-yield surfaces have been adopted in the
recent constitutive models. Abuel-Naga et al. [9] developed a thermo-mechanical model using an
approach similar to Cui et al.’s one [3]. Laloui and Frangois [4, 10] developed a thermoplastic model
by extending the work of Hujeux [11] based on the multi-surface plasticity theory. Furthermore,
to improve the thermo-mechanical behaviour observed at high and intermediate overconsolidation
ratios, Laloui and Francgois [4, 10] applied the bounding surface theory to the isotropic plastic
mechanism. This permits to describe the occurrence of plastic strains inside the conventional yield
domain in the sense of classic plasticity theory. These different thermo-mechanical models for
saturated clays present certain advantages and limitations that will be discussed later.

To investigate the thermally induced volume changes, extensive experimental work has been
done by applying heating-cooling cycles on soils with different OCRs [1, 12, 13, 14, 15]. The
thermo-mechanical test (TBoom9) carried out by Baldi et al. [1] on natural Boom Clay is often
used to validate the performance of thermo-mechanical models in predicting thermally-induced
plastic volumetric strains. However, it has been observed that the precise loading path and the
experimental results obtained during this test have not been accurately considered. This could lead
to misinterpretations of the experimental results, and thus make the validation of constitutive models
questionable.

The present paper aims at clarifying the results from the thermo-mechanical experiments
conducted on natural Boom Clay by Baldi et al. [1] and assessing the performance of the recent
thermo-mechanical models proposed by Cui et al. [3], Abuel-Naga et al. [9], and Laloui and Frangois
[4, 10]. For the clarification of the experimental data, the experimental procedure was presented and
a discussion on the methods of calculating the drained thermal volumetric strain was made. For the
models’ performance assessment, the constitutive modelling approaches were briefly reviewed and
compared; the capabilities of the three models to describe the observed experimental behaviour were
analysed by simulating two sets of tests with combined thermo-mechanical loadings on natural
Boom Clay; these models were analysed from a fundamental point of view, in terms of elasto-
plasticity and thermodynamic consistency.

2. THERMO-MECHANICAL TEST ON NATURAL BOOM CLAY

Baldi et al. [1] reported a thermo-mechanical test on natural Boom Clay (TBoom9) sampled at 240
m depth in the underground research laboratory of Mol, Belgium. The preconsolidation pressure was
evaluated at 6 MPa from isotropic compression tests. The thermo-mechanical loading path followed
in the test is shown in Figure 1, and can be summarised as follows:

1. The specimen was first saturated under a constant mean effective stress of 2 MPa (point A)
which was close to the in situ effective stress of 2.3 MPa. It was then loaded up to a mean
effective stress of 4 MPa (path A-B) and unloaded to 1 MPa at a constant temperature of
21.5°C (path B-C).

2. A heating-cooling cycle of 21.5°C-95°C-21.5°C (path C-D-E) was applied under a constant
mean effective stress of 1 MPa.
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Figure 1. Isotropic thermo-mechanical loading path followed during TBoom9 test on natural Boom Clay
(adapted from Baldi et al. [1]).

3. Mechanical isotropic re-loading up to 3 MPa was applied (path E-F) and followed by the same
heating-cooling cycle as in step 2 (path F-G-H) under a constant mean effective stress of 3
MPa.

4. Mechanical isotropic re-loading up to 6 MPa (path H-I) was applied and followed by the same
heating-cooling cycle as in step 2 or 3 (path I-J-K) under a constant mean effective stress of 6
MPa.

In the data reported by Baldi et al. [1], the drained thermal volumatric strain was calculated
following two different methods. Thus, two different series of experimental results for the same test
were presented by the authors.

In Method 1, the soil was assumed to be thermo-mechanically isotropic. Drained thermal
volumetric strain was calculated as three times the axial strain measured by an external displacement
transducer: £, = 3¢,.

In Method 2, the drained thermal volumetric strain was computed by subtracting the calculated
thermal expansion attributed to both the pore water and the solid phase from the measured volume
of water expelled from the soil sample. This method was firstly suggested by Campanella and
Mitchell [16] and then improved by Baldi et al. [1]. Campanella and Mitchell [16] gave the following
expression for the drained thermal volumetric strain:

_ (AVi)ar
€y = Vi (1)
= (AVDR)AT - (AVS)AT - (AV“))AT @

where (AV,,) . is the volume change of the whole specimen, Vj is the initial volume of the
specimen, (AVpr)p is the volume of the water drained out, (AV;),, and (AV,,) ., are the
volume changes due to a temperature increment AT of the solid phase and the pore water
respectively. The last two terms are calculated according to:

(AVy)ap = @V, AT 3)
and considering the thermal properties of free water:
(AVw)AT = 0,y Vi AT 4

where a; and «,, are the thermal expansion coefficients of the solid phase and free water
respectively. V; and V,, stand for the volumes of solids and pore water respectively.



Considering adsorbed water only in dense plastic clays and using the double-layer theory instead
of Equation 4, Baldi et al. [17] proposed the following expression for the volume change due to the
thermal expansion of pore water:

(AVw)AT = VE)A'UaSspdAT (5)

where Awv, is the volume of expanded adsorbed water per unit surface area of mineral solid and per
Kelvin. S; is the specific surface of the soil, and p, is the dry unit mass of the soil.

Since in reality the pore water is in the form of both free water and adsorbed water, a special
procedure was defined to evaluate the actual thermal expanded volume of the pore water (AV,,) A+
in Equation 1 without applying Equation (3) for free water only or Equation (4) for adsorbed water
only. Two specimens of similar physical properties were prepared, one of which (TBoom9) was
trimmed vertically to the bedding plane and the additional one (TBoom13) was trimmed horizontally
to the bedding plane. In TBoom13, a heating and cooling cycle was applied under a constant mean
effective stress of p’ = 3 MPa. During the corresponding heating-cooling cycle under the mean
effective stress of 3 MPa (Figure 1, path F-G-H), the lateral strain ; of TBoom9 was assumed to
be identical to the axial strain measured in test TBoom13. Thus, the thermal volumetric strain &,
in path F-G-H of TBoom9 could be calculated using ¢, = ¢, + 2¢;, where the axial strain ¢, and
lateral strain €; were deduced from the measures of the axial displacement during the two tests
TBoom9 and Tboom13, respectively. Considering the calculated thermal volumetric strain ¢,, along
path F-G-H of test TBoom9 and the thermal expansion parameter of the solid phase of natural Boom
Clay (cv), the actual thermal expanded volume of the pore water (AV,,) ,, Was obtained according
to Equations 1 and 3.

Assuming that the actual thermal expanded volume of the pore water (AV,,),, Was the same
for all the three heating-cooling cycles (i.e, paths C-D-E, F-G-H, I-J-K), the volumetric strain was
calculated from the drained pore water volume according to Equation 1. The volumetric strain thus
obtained is plotted in Figure 2 (solid line).

The volumetric strain calculated by Method 1 and Method 2 are compared in Figure 2. The
difference was attributed to the thermo-mechanical anisotropy of natural Boom Clay. The former
volumetric strain was referred to as isotropic volumetric strain and the latter as anisotropic
volumetric strain.

Comparing these two methods for estimating the volumetric strain, it appears clearly that
Method 1 constitutes a much simpler solution which assumes the thermo-mechanical isotropy of
natural Boom Clay. However, this assumption does not hold true since available experimental
data (including TBoom9 test) showed significant thermo-mechanical anisotropy for this material.
Thus, the results obtained from Method 1 are not accurate and do not reflect the actual volumetric
thermo-mechanical behaviour of natural Boom Clay. As opposed to Method 1, Method 2 is more
sophisticated and should provide more accurate results. It should however be noted that applying the
volumetric change of pore water from a single heating-cooling cycle (F-G-H) to the three heating-
cooling cycles would also induce some errors.

Volume changes during heating-cooling cycles is an important feature in the thermo-mechanical
behaviour of soils. The existence of various interpretations of TBoom9 test as reported here (in terms
of loading path and volumetric strain estimation) may lead to different choices when developing or
calibrating constitutive models.

3. THERMO-MECHANICAL MODELS

In this section, the thermo-mechanical models proposed by Cui et al. [3], Abuel-Naga et al. [9],
Laloui and Francgois [4, 10] are reviewed. In the following, these models are referred to as Model C,
Model A and Model L respectively. The main equations governing the thermo-mechanical behaviour
are briefly summarized in Table I. Only isotropic stress states are considered. Some of the original
notations are changed to avoid confusion between the three models.
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Figure 2. Volumetric strain for thermo-mechanical test TBoom9 (from Baldi et al. [1]) obtained from two

methods: Method 1 - volumetric strain calculated as three times the axial strain; Method 2 - volumetric strain

calculated from the volume of drained out water and the thermal expansion of pore water and solids; (A =
path C-D-E; J = path F-G-H; O = path I-J-K)).

3.1. Thermo-mechanical elastic behaviour

In all the three models, the total elastic volumetric strain increment (de¢, ) consists of two parts, due
to either thermal or mechanical loadings, respectively. This increment reads as follows for Models
C and Model L:

d /
de® = adT + % (6)
and for Model A: "
de = %’“dT + % )

where a and a4 are the volumetric thermal expansion coefficients of soil in Models C or L and
Model A respectively, K is the bulk modulus which is temperature independent.
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Table II. Volumetric thermal expansion coefficient for natural Boom Clay (TBoom9) obtained from

volumetric strains estimated using Method 1 and Method 2

« at p'=1 MPa « at p'=3 MPa « at p'=6 MPa
(x107%/°C) (x107%/°C) (x107%/°C)
Temperature range | Method 1 | Method 2 | Method 1 | Method 2 | Method 1 | Method 2
21.5°C -40°C -3.85 -4.23 -8.15 -4.90 -6.83 -4.23
40°C - 65°C -6.32 -9.94 -4.61 -4.34 -6.82 -4.34
65°C - 95°C -6.73 -9.31 -7.76 -8.09 -9.20 -7.07

It is worth noting that in Model A, the thermal elastic volumetric strain increment varies
logarithmically with temperature (see equation (7)). As a consequence, coefficient « 4 is necessarily
dimensionless, contrary to o which has the dimension of the inverse of a temperature, as classically
(see equation (6)). In this context, calling a4 a volumetric thermal expansion coefficient is
misleading, but this was the choice originally made by the authors of [9].

In Model C, « is a material constant independent of effective stress (p) and temperature (7). The
elastic volumetric strains are thus assumed to vary linearly with temperature. In Model A, however,
« 4 varies with the mean effective stress level as follows:

daA

dp’
= b= )
QA p
where b is a soil parameter describing the effect of mechanical stress.
In Model L, « increases with temperature and OCR values:

1y,
@ = lao+ (T = Ty)] 3520 ©)

where « is the thermal expansion coefficient at a reference temperature 7 and ( is the slope of the
variation of o with respect to temperature 7', pl,, is the preconsolidation pressure at temperature 7j
and d is a model parameter related to the shape of the yield surface in (p’, ¢) plane.

The volumetric thermal expansion coefficient o for natural Boom Clay was determined from
TBoom9 test during the three cooling stages at different mean effective stresses using the volumetric
strains estimated by the two methods previously introduced. The values obtained are given in Table
I1. For this test and in this particular range of temperature and OCR values, the changes of o with
respect to temperature or stress are of the same order of magnitude. As a consequence, the general
trends for the evolution of o with temperature and stress state (or OCR) are not completely clear.
For instance, depending on the OCR value, oo sometimes increases monotonically with temperature
and sometimes not. Furthermore, depending on the method used to obtain the volumetric strains,
the variations of « with temperature and strain can be different. It is thus difficult to corroborate
the evolution predicted by Models A and L. It is thus recommended to adopt a constant thermal
expansion coefficient as in Model C. Such a choice gives simple predictions without losing accuracy.
This suggestion will be further supported when dealing with numerical simulations and elasto-
plastic theory.

The bulk modulus K is the same as for the common Cam-Clay model in both Model C and Model
A:
vop’

K

K = (10)

where « is the elastic slope in (Inp’, v) space and vy is the initial specific volume. In Model L, a
hypoelastic modulus is adopted:
! n®
K= Kref <,p>
p ref

where K.y is the bulk modulus at a reference effective mean pressure p;_ef, and n° is a soil
parameter.

an
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Figure 3. Thermo-mechanic elastic domain in (p, T') plane.

3.2. Plastic behaviour

3.2.1. Thermo-mechanical yield limit Figure 3 presents a schematic view of the thermo-mechanical
elastic domain in (p/,T) plane for the three models. In both Models C and A, the elastic zone
is delimited by two yield curves: the conventional thermo-mechanical yield curve controlling the
evolution of the preconsolidation pressure with temperature is denoted LY (loading yield limit), and
the yield curve governing the thermal plastic behaviour is denoted TY (thermal yield limit).

The expressions of TY curves for Model C and Model A are given in Equation (12) and Equation

(13), respectively:
1 T — T
p’=—61n<T_1%) (12)
P e TY T
o =1+r In (TO) (13)

where p’,, is the preconsolidation pressure at the reference temperature 7p, 7 is the temperature at
which TY intersects the temperature axis in Model C, and 3, 7Y are shape parameters in Model C
and Model A, respectively.

In Model C, the preconsolidation pressure decreases with increasing temperature and the

expression of LY reads:
/

b

/

P eo

= exp (—ro(T — Tp)) (14)

where r( governs the curvature of LY. A cooling phase is associated with an elastic unloading and
the point representing the material’s state in (p’, ') plane will not reach LY, which therefore will
not be affected by any hardening process. In Model A, LY is defined with a different concept: the
preconsolidation pressure will not be affected during a heating stage but will increase during a
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cooling stage according to an equation similar to that used in Model L:

/

p LY T )
=1—r""1o — (15)
7o g10 <To

where Y is the model parameter that depends on the soil nature, ¥

and non-zero for the cooling process.

In Model L, the bounding surface concept is introduced. It can be seen from Figure 3 that a
loading surface (denoted by LS) is defined so that it can deal with both normally consolidated
and overconsolidated states. The conventional thermo-mechanical loading surface is taken as the
bounding surface (denoted by BS). The bounding surface is defined in a similar approach as the LY
of Model C without changes in the cooling phase:

is zero in the heating process

/

p T
Yoy og () (16)
p/co 10 T

where pl, is the mean effective stress on the bounding surface corresponding to Ty, 7 governs the
curvature of the yield surface. The expression of the loading surface is the same as the bounding

surface: .
P T
=1-—rrl — 17
TisoPlo ’T%w<%> (7

with a scalar hardening parameter r;5, being defined as the ratio of the mean effective stress 7., on
the loading surface at T to p.,, on the bounding surface at Tj:

=/

Peo s, (18)

Peo

The value of r;,, is always smaller than or equal to 1. For r;5, = 1 , the loading and bounding
surfaces coincide, and for 0 < 7,4, < 1, the loading surface is completely inscribed in the bounding
surface.

3.2.2. Plastic mechanism Model C and Model A used two separate yield surfaces to describe the
yielding behaviour in p’ — T plane and correspondingly two plastic mechanisms are proposed. The
plastic strains produced when increasing either the mean effective stress or the temperature and
associated with the yielding of TY or LY curves are represented in Figure 4 (a)&(b).

In Model C, the volumetric plastic strain de!*? induced along thermal loading paths is different
from that induced along mechanical loading paths, def?. The thermally induced plastic volumetric
strain de.;” on TY or de!;” on LY associated with changes in temperature at constant effective stress
can be determined according to the following equation:

dafi’p = ay [exp (o, (T — Tp)) — a] dT  withi € {1,2} (19)

where «, and a are parameters describing the variation of delP with respect to a temperature
increment d7°. To describe OCR effects on dsf*”, oy, is taken as dependent on the value of OCR.
For normally consolidated states (on LY), «, is constant and given by:

(07

(20)

o, = —
P 1—a

For overconsolidated soils (on TY), «,, decreases with OCR increases, as follows:

«

1 L P
exp | —1In o~ —a
C2 Peo

where c; and ¢y are parameters that can be determined from the transition point between expansion

and contraction of the total volume change associated with temperature changes. de);’, induced

2

ap = —
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Figure 4. Evolution of yield surface under thermo-mechanical loading in p’ — T plane.

along mechanical loading paths on TY, is expressed as follows:
/
degi = —— (22)

where o is the slope of the inelastic part in (Inp’, v) space in the overconsolidated state. de)y’,

obtained along mechanical loading paths on LY, has the following expression as in the common

Cam Clay Model:

A—kdp
vo P

where ) is the normal-consolidation slope in (Inp’, v) space.
plo and [ appearing in the definition of TY and LY in Model C are hardening variables that

control the evolution of TY and LY respectively. The hardening laws read:

B

aq

deTF = (23)

4 = —exp(Bp’)

- deTip —
p'(Te — To) op [exp(ay (T — Tp)) —a]

dery” 24)

and
To

U0 = {ap[exp(ap(T —Tp)) —a]

To k‘?)o T
+ + de, ”’} e
<ap[exp(ap(T—To>> —a A—%) Ly

where k is a positive parameter that describes the coupling effects between TY and LY. These
hardening laws provide a one-way coupling between TY and LY plastic mechanisms in the sense
that LY moves when TY is activated, but not reciprocally. This behaviour is observed experimentally
[18].

Model A defines a theoretical mechanism to interpret the plastic strain induced along a thermal
loading path. As shown in Figure 4(b), during heating at p (path A-C), the hardening effective stress
p’ on TY decreases with temperature increase according to Equation 13 and the plastic strain is
generated once the hardening effective stress p’ reaches p}. The volumetric plastic strain increment
deb, along the thermal loading path at a constant mean effective stress (path A-C ) is assumed to be

U g, g
dely + (20 ) (defy + defy)
(25)
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identical to that generated along the mechanical loading path (path B-C ). When TY is reached, the

volumetric plastic strain de?,, along mechanical and (or) thermal load paths can be determined:
d /
de?, = L (26)
Vo P

TY’ TLY

where wr is the plastic modulus at temperature 7', a function of r and temperature 7',

—In (1 —r¥og, (T/To))

wr = (A= k) In (r¥ In (T'/Ty) + 1)

27

The plastic volumetric strain de?,, associated to LY, can be generated only along mechanical
loading paths when the applied stress exceeds LY and can be determined by:

)\—/@—wTdip’

de?, =
v2
Vo P

(28)
For TY, no explicit hardening law is given. The evolution of LY is controlled by the hardening
parameters pl,. It depends on the plastic volumetric strain increment de?,:

(Y
Al = 53— =Pl (29)

A—K—

In Model L, the volumetric plastic strains de?, along thermal loading paths and mechanical loading
paths are produced by the same mechanism of plastic hardening of p.,, as shown in Figure 4(c).
These two loading paths are coupled and a common hardening law is provided for effective stress
and temperature increases. The volumetric plastic strain between LY, and LY; is independent of
the loading path.

During loading, the scalar variable r;,, represents the progressive plastification in relation to the
plastic volumetric strain and controls the ratio between the sizes of loading surface and bounding
surface. The following law is adopted:

(1 - Tiso)Q
C

de? (30)

driso = v
where c is a soil parameter.

During an unloading-reloading cycle, r;5, decreases to follow the decrease of the effective mean
pressure p’ in the unloading process and will be adjusted in a sudden fashion with a new value of
Tis0 at the moment of change in loading direction (unloading-reloading):

p/
Tiso = Tieso + ,Cyc (31)
c0

where 7§, represents the size of the purely elastic nuclei, p,,. is the mean effective stress at the
last change in loading direction (unloading-reloading). The widely used hardening law based on
the relationship between the preconsolidation pressure, p’,,, and the volumetric plastic strain, €%, in
(Inp', v) plane is given by:

dpey = hplodel (32)

where h p’,, is the plastic modulus.

4. NUMERICAL SIMULATIONS

The performance of the thermo-mechanical models presented above is investigated. Natural Boom
Clay is considered and the predicted results are compared to the experimental results. To evaluate the
capability of models in predicting the thermally induced volume change following different loading
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Table III. Input parameters for the simulations of natural Boom Clay behaviour

Model C Model A Model L
Elastic part a=-51x10""C " | apef=-111x1072 | a = —1.3 x 107°°C!
—— b=0.31 ——
k= 0.046 k= 0.046 K.y =130 MPa
—— —— n® =04
TY: TY: Loading surface:
B =100 MPa—! rry = 1.56 rp = 0.55
T. = 2000 °C plo = 6 MPa plo = 6 MPa
—— —— i, = 0.001
Yield limits LY: LY: Bounding surface:
ro = 3.93 x 1073°C~! | rpy =0.31 -
ply = 6 MPa —— ——
TY: TY:
a = 0.982 A=0.178 ——
a; =251 x 1074 —— ——
c1 = 0.5833 —— ——
c2 = —0.019°C~! —— ——
Plastic strain LY: LY:
A=0.178 —— ——
TY: TY:
Hardening laws | —— —— c=0.012
LY: LY:
k=0.012 —— h =18

* Thermal expansion coefficient at 0.1 MPa.

paths and the thermally induced hardening effect (two key features of the thermo-mechanical
behaviour of saturated clays), two sets of tests with combined thermo-mechanical loadings are
simulated. Note that because of the lack of relevant data about natural Boom Clay (data obtained
from experiments on samples saturated under the in-situ stress are exclusively considered in this
work), set 2 is purely numerical.

In set 1, two cases are simulated. The first case (Simulation 1) corresponds to TBoom9 test
on a single soil specimen with the loading path shown in Figure 1. The second case (Simulation
2) corresponds to the same experimental path but with three different natural specimens (one per
thermal cycle). The three specimens are first saturated at p’ = 2 MPa and loaded up to p’ = 6M Pa.
After that, two samples are unloaded to 3 MPa and 1 MPa, respectively. Doing so, three specimens
with three distinct overconsolidation ratios are obtained. From these consolidation pressures, a
particular heating-cooling cycle (21.5°C-95°C-21.5°) is applied on each specimen.

Table III shows the input parameters of the three models. Note that all the parameters can
be calibrated from the experimental results and the values are proposed by the authors in their
respective original papers [3, 4, 9]. It can be observed that Model A and Model L require less
parameters for the plastic strains prediction since the plastic strains induced along the mechanical
loading path and the thermal loading path are coupled. It should be mentioned that although Model
L considers the effect of temperature and effective stress on the thermal expansion coefficient (see
Equation 9), a constant thermal expansion coefficient (see Table III) was adopted in their simulation.
Moreover, in the original work of parameters calibration, the experimental results determined using
Method 1 (thermal isotropic strains) were used for Model A and Model L, whereas experimental
results determined using Method 2 (thermal anisotropic strains) were used for Model C.

As seen in Section 3, depending on the model, a logarithmic or a power function is chosen for
the thermo-mechanical yield limit for 7" = Tj. Figure 5 compares the size of the thermo-mechanical
elastic zone predicted by the three models at p’ = 2 MPa and T = 21.5°C (point A in Figure 1).
It can be observed that the thermo-mechanical elastic zone (being delimited by TY ¢ and LY ()
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Figure 5. Thermo-mechanical yield limits (TY and LY).

adopted in Model C is the smallest and the one in Model A (being delimited by TY 4 and LY 4) is
the largest.

Figure 6 compares the volumetric strain predictions in case of Simulation 1 with the experimental
results. It shows that all the three proposed models give similar results and can capture the essential
features of the thermo-mechanical behaviour. However, none of them can describe the expansive
irreversible isotropic volumetric strain (calculated using Method 1) at p’ = 1 MPa, generated after a
heating-cooling cycle. Note that this behaviour was also observed on other soils such as the Bangkok
soft clay as reported by Abuel-Naga et al. [9].

Figure 7 compares the volumetric strain predictions in case of Simulation 1 and Simulation 2.

It can be observed that Simulation 1 and Simulation 2 give different predictions for all the three
models, and Model L give the largest difference because of its high sensitivity to the loading history.
Taking p’ = 6 MPa at T = 21.5°C (point I in Figure 1) for Model L for instance, the yield limits
can be determined by considering their evolution according to the loading history. Even though the
previously applied loading path is located inside the Bounding surface, plastic strains are generated
due to the activation of the Loading surface. The preconsolidation pressure thus increases. Because
of the different loading histories in Simulation 1 and in Simulation 2, different preconsolidation
pressures (being 10.5 MPa and 8.7 MPa, respectively) are obtained at point I, resulting in different
predictions for the subsequent heating-cooling path (path I-J-K in Figure 1).

In set 2 (Simulation 3), the soil specimen is first saturated at p’ = 2 MPa and loaded up to 8
MPa (point B in Figure 8), giving a normal consolidated state. Afterwards, a heating-cooling cycle
of 21.5°C-95°C-21.5°C (path B-C-D) is applied under this consolidation pressure followed by a
mechanical re-loading up to 20 MPa (path D-E).

Figure 9 compares the results for Simulation 3 as predicted by the three models which provide
similar results. During the isotropic loading up to 8 MPa at 21.5°C, the sample behaves elastically
and then elasto-plastically. The classic bilinear compression behaviour is predicted by Model C
and Model A in ¢, — logp’ space since MCC is adopted in the isothermal condition, but the soil

behaviour by Model L is smoother due to the contribution of the bounding surface plasticity concept,
as shown in Figure 9 (A-B).

13
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Figure 6. Comparison between observed and predicted thermally induced volumetric strain in Simulation 1.

During the heating process (B-C), in Model C, TY curve is activated, and the TY-LY coupling
also moves LY forward. At the end of the heating stage (point C), a value of 11.1 MPa for p., can
be obtained using Equations 24 and 25. The cooling stage (C-D) does not produce any plastic strain,
thus keeping p’,, constant. In Model A, the preconsolidation pressure is kept constant (8§ MPa) in
the heating phase and increases during the cooling phase. A final value of 10.0 MPa at point D is
predicted for p’,, using Equation 15. In Model L, LS mechanism is activated and moves forward
together with BS surface during the heating phase. During the cooling-reloading process, the size of
LS defined by r;, is reinitialised according to Equation 31 and a small elastic nucleus is assumed at
the beginning of the reloading process. For the three models, the soil response is first elastic and then
elastoplastic during the reloading process, predicting the slightly overconsolidated behaviour when a
mechanical loading is performed after a thermal cycle in normally consolidated state. Even though
no direct comparison with experimental results is made here for the reasons mentioned above, it
can be seen that the three models can satisfactorily capture the thermal hardening phenomenon as
observed in [13] for instance.



ON SOME ADVANCED THERMO-MECHANICAL MODELS FOR SATURATED CLAYS 15

Simulation 1 Simulation 2
Path C-D-E - -A - - pathC-D-E
—+— PathF-GH - -[g]- - PathF-G-H
100 — —&— PathI-J-K - -0 - - Path--K
A (A

80 —

60 —

40 —

Temperature (°C)

20 % T T T T ]
(a) Model C

100 —
80 —

60 —

40 —

Temperature (°C)

20 .

100 —

80 —

60 —

40 —

Temperature (°C)

20 5
T 'T' T
0 0.4 0.8 12 16 2
Volumetric strain (%)
(c) Model L

Figure 7. Comparison between Simulation 1 and Simulation 2 by the three models: (a) Model C, (b) Model
A, (¢c) Model L.

5. DISCUSSION

The numerical simulations in the previous section have shown the capability of the constitutive
models to catch the main experimental evidences. The constitutive models are now discussed in
terms of elasto-plastic theory and thermodynamic theory.

The thermo-elastic behaviour is one of the most fundamental issues in the thermo-mechanical
constitutive model. Examination of the three models investigated shows that the elastic strain in
Model A and Model L is loading-path dependent whereas the elastic strain in Model C is loading-
path independent. To illustrate this point, the volumetric strain along path A-B-D and path A-C-D in
Figure 10 is analysed. For Model L, the volumetric strain along path B-D is equal to that along path
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Figure 9. Predicted response of the soil in Simulation 3.

A-C since the elastic modulus K is independent of temperature. However, according to Equation
9, the volumetric strain along path A-B is different from that along path C-D since the thermal
expansion coefficient changes between these two paths characterised by two distinct mean effective
stresses. Thus, the total volumetric strains along path A-B-D and A-C-D are not identical even if the
loading path is inside the thermo-elastic zone. In other words, the elastic strain increment depends
on the order of application of temperature and effective stress changes:

0% 9%
op'oT ~ oTop’

-

(33)

Such an un-closed loop traduces the loading-path dependency of the elastic behaviour which poses
some problems when developing a constitutive model in the framework of the elasto-plasticity
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Figure 10. Loading path in the effective stress and temperature space.

theory. Model A defines a similar loading-path dependent elastic behaviour as Model L, whereas
Model C defines an identical volumetric strain along path A-B-D and A-C-D, with no loading-path
dependency of the elastic behaviour.

The thermo-mechanical elastic zones defined by all the three models have a common and
salient change in comparison with the early models. In the early models (e.g. [5, 6]), the thermo-
mechanical elastic zone is defined by a conventional yield surface accounting for thermal evolution
of the preconsolidation pressure. Inside this zone, purely elastic strain is generated. The parameter
governing the thermo-elastic behavior (that is the thermal expansion coefficient) is thereby always
determined along heating tests lying inside the conventional yield surface. However, the three
models studied in this paper assume that thermally induced plastic strain would occur during
such heating stages even when the stress state of soil is inside the conventional yield surface.
To be consistent with this new thermo-elasto-plastic framework, specimens with different OCR
values should be subjected to heating-cooling cycles and the thermal-elastic behavior should be
characterised from the cooling stages instead of the heating stages.

As seen in Section 3, different plastic strain variables are chosen by the three models. In Model C,
the volumetric plastic strain generated during thermo-mechanical hardening is split into two parts:
de9P along a mechanical loading path at an given temperature and del*? along a thermal loading
path at a constant effective stress. This conveniently describes the thermo-mechanical behaviour and
thus gives a hardening law depending on the loading path. As seen in Figure 4(a), the loading paths
AB and AC result in the same change of the yield surface from TY( to TY;. However, these two
paths give rise to different volumetric plastic strains. Furthermore, as seen in Table III, distinct
parameters are required to predict the plastic strain generated along thermal loading paths and
mechanical loading paths. This induces a higher number of parameters to be identified and thus
increases the complexity of the model. Also, it should be noted that although the volumetric plastic
strain £X°? is induced by temperature changes, this variable is not thermodynamically conjugated to
temperature.

In the concept of Model A, there is no distinction between thermo-mechanical plastic strains
induced by either thermal or mechanical loadings. However, distinct flow rules are adopted for each
yield surface (TY or LY). And the plastic strain increment when TY is activated de’; is loading path
dependent since the plastic modulus wy depends on temperature. For instance, mechanical loading
paths BC and DE (see Figure 4(b)) will produce different plastic volumetric strains.

In Model L, the plastic volumetric deformation induced by the different loading paths (Figure
4(c)) is calculated according to a single flow rule. It can be determined by the change in size of the
yield surface from LS, to LS, irrespective of loading paths.
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Figure 11. Evolution of LY curve in a heating-cooling cycle in Model A.
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Figure 12. Evolution of TY curve in heating process in Model A.

From the simulation results presented in Section 4, Model A is able to predict the plastic strain
induced along a thermal loading path in both normally consolidated and overconsolidated conditions
thanks to the introduction of an additional plastic mechanism in the effective stress—temperature
space, namely TY. However, the two plastic mechanisms associated with yield surfaces TY and
LY are not discussed in the light of the classic elasto-plastic theory. The evolution of LY during
a heating-cooling cycle is firstly studied. As presented earlier, in Model A, the thermal evolution
of the preconsolidation pressure follows a concept different from the other two models. Figure 11
shows the evolution of LY during a heating-cooling cycle. During heating from Ty to Ty (C to D
in Figure 11(a)) of a normally consolidated specimen, the preconsolidation pressure is temperature
independent, and LY; during this process thus keeps constant, as illustrated in Figure 11(a). Under
the subsequent cooling process from T, back to T; and then to Ty (D-E-F), as seen in Figure
11(b)&(c), the preconsolidation pressure increases. Its value at temperatures T; and Ty can be
determined using Equation 15. LY thus evolves from LY; to LY and then LY 3 during the cooling
process. It should be noted that according to Model A the preconsolidation pressure increase and
the corresponding evolution of the yield surface are even adopted during a purely elastic process.
This is not consistent with the conventional elasto-plastic theory stating that the preconsolidation
pressure is increased and the yield surface evolves with the plastic strain increment, and that they
keep unchanged in a purely elastic process [19]. As for TY, Figure 12 shows its evolution in a heating
process from Ty to Ty at effective stress point p) , which corresponds to a lightly overconsolidated
state at room temperature. During a heating phase A-C, TY evolves from TY; to TY, according
to Equation 13. To maintain TY at stress point p/, the value of p/, would change from p::o(l) to
p/cO(Q)' However, LY will keep unchanged and p/,, will remain constant (still equal to p/co(1)) in a
heating process as described above. This point shows the inconsistency between TY and LY plastic
mechanisms.

In Model L, the bounding surface theory is introduced and a single plastic mechanism is adopted
to simulate the thermo-plastic behavior in both overconsolidated and normally consolidated states.
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Figure 13. Plastic mechanism over a mechanical isotropic loading-unloading-reloading cycle in Model L.

To this aim, the loading surface expands and shrinks according to the evolution of r;,, during a
loading-unloading-reloading cycle. Model L appears as more simple than the two others, with a
single plastic mechanism in (p’, T) space. This constitutive model can thus be implemented into a
numerical code more easily than Model C and Model A which both include two plastic mechanisms.
In the following part, the evolution mechanism of the loading surface is discussed.

As an illustration, Figure 13 schematically presents the evolution of the yield limit in a loading-
unloading-reloading process. During the first loading (path 0-1), loading surface (LS) and bounding
surface (BS) coincide when 75, = 1. The preconsolidation pressure at T evolves from p/, 0(0) 10
péo(l) with the plastic strain evolving from ¥ to ¢”,. During the subsequent unloading process
(path 1-2), no plastic strain is generated and thus BS keeps constant. However, the model assumes
that LS will move back to follow the decrease of the mean effective pressure p’. At the start of
the reloading process (path 2-3), the size of LS will be adjusted suddenly from LS5 to LS5 with a

/
p cyc
/

P eoa

behaviour is possible because LS is treated as a “loe(u:;ing surface” in the sense of the bounding
surface plasticity concept introduced by Dafalias et al. [20, 21] (where the loading function f
is always null) and not as a yield surface that could be either activated or not, in the sense of
classic elastoplasticity (where the yield criterion f may be negative). However, a difference appears
between the treatment of the LS locus and the original concept from Dafalias. It concerns the fact
that the stress point does not pertain to the LS surface at any time. This is the case when the loading
direction is changed within the elastic nucleus (from unloading to loading, see for instance Figure
13). At this point, the size of the LS locus is “adjusted” to coincide with the elastic nucleus (and thus
frLs becomes negative) whereas according to Dafalias et al., this locus should remain attached to the
stress point (and thus frs = 0 at any time). In this latter case, plastic strains are cancelled within
the elastic nucleus by imposing an infinite plastic modulus. Apart from this different treatment of
stress paths within the elastic nucleus, Model L provides simulations that would be similar to those
obtained using strictly Dafalias et al. concept.

new r;s, according to Equation 31 (r;s, = 75, + ;€0 = €l remains constant). This peculiar

6. CONCLUSIONS

Several advanced thermo-mechanical models as Cui et al. [3], Abuel-Naga et al. [9] and Laloui and
Francois [4, 10] have been proposed recently and most of them are based on the experimental test
carried out by Baldi et al.[1] on natural Boom Clay. It is however observed that the experimental
results obtained by Baldi et al. were not correctly accounted for in these models. Moreover, these
models present some similarities and also some differences in different aspects. It appears then
necessary to clarify the test by Baldi et al. and to make a comparison of the models.

For this purpose, the experimental test (TBoom9) conducted on natural Boom Clay by Baldi et
al. was presented with special attention on the successive thermal mechanical loading path and the
drained thermal volumetric strain results. A discussion on the methods to obtain volumetric strain
was made. It has been shown that there are two distinct series of experimental data depending on the
method adopted, the difference between them being significant. Obviously, this difference can have
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significant impact on the development of constitutive models which are based on one or another
data series.
The assessment of the isotropic part of the models of Cui et al. [3] — Model C, Abuel-Naga et al.

(9]

— Model A, Laloui and Francois [4, 10] — Model L showed that each model has its advantages

and drawbacks. The main conclusions are as follows:

e Although the three models are elaborated with different concepts with respect to elastic
behaviour and plastic mechanism(s), all of them can capture the main features of the thermo-
mechanical isotropic behaviour of saturated clays.

e One of the main differences on thermo-elastic equations amongst the three models is the
choice made for the evolution of the thermal expansion coefficient with temperature and
stress: only Model C considers a constant value. The assessment performed showed that taking
a constant value permits to remain simple and relatively accurate in describing the thermo-
elastic behaviour as well as to ensure that the elastic behavior is loading-path independent.

e In both Model C and Model A, two yield surfaces are introduced to describe the thermo-
mechanical plastic behavior. Correspondingly, two plastic mechanisms were proposed. Model
L uses the bounding surface theory and a single plastic mechanism is used. Thus, Model L
can be implemented more easily into a numerical code.

e The plastic strain variables along a mechanical loading path and a thermal loading path are
distinct and defined for each plastic mechanism without coupling in Model C. In Model A,
the thermal plastic strain is not differentiated from the mechanical one and a single plastic
strain variable is used for all the plastic mechanisms. Model L couples stress and temperature-
induced hardening process and a unique plastic strain along different loading paths is defined.
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