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Development of a coupled thermo-hydro-mechanical double structure
model for expansive soils
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Abstract. In this paper, development of a thermo-hydro-mechanical model for expansive soils including double

structure is described. The model is based on hypoplBsRdG H O E {6 ib &high the hydro-mechanical coupling

is considered at each of the two structural levels. The model also includes separate effective stress definitions and water
retention curves for the two levels of structure. In the proposed mod€) DSSURDFK E\ OBl&iQclii® G .KDOLOL
thermal effects into hypoplastic models is followed. This is combined with temperature-dependent water retention curve

of macrostructure, temperature-induced deformation of microstructure and an enhanced double-structure coupling law

Good predictions of the model are demonstrated by comparing the model simulations with experimental data on MX80
bentonites taken over from literature.

1 Introduction

Thermo-hydro-mechanical modelling of the behaviour of
expansive clays is important in a number of high-priority
applications, such as design of nuclear waste repositories.
Their behaviour is, however, remarkably complex, in
particular due to their double-structure natutach of the
structural levels respond differently to temperature
change, suction change and mechanical action. In this
paper, and advanced model is developed aiming to predict

these complex phenomena in a unified manner. Figure 1. A conceptual sketch of two levels of structure
considered in double-structure models (fri@j}).
2 Double structure model ,Q WKH PR G HG), depafa &noQels are considered

for mechanical and hydraulic responses of microstructure
The model described in this paper has been develope@nd macrostructure. These responses are coupled at the
using double-structure framework, originaly proposed by given structural level, and additionally, the behaviour of
Alonso et al. [1] The model is based on the hydro- the two structural levels is linked through the double-
mechanical double structure hypoplastic model byaM& structure coupling function.
[6]. This modeis briefly described in Sec. 2.1. 0DA&t[®] based the mechanical model for the
behaviour of macrostructure on the maleE\ 0D&tQ DQG
Khalili [7]. Hydraulic response of macrostructure was
based on the void-ratio dependent water retention model
. [4]. Microstructure has always been considered as fully
The double structure moc_iels are basgd on the_ assumptioyy rated and its behaviour was governed by the Terzaghi
support_ed by_ various mlf:ro-rr_]echanlcal studies that 'r_]effective stress JLQFLSOH VHH OD%t@ DQG .|
expansive soils one can identify two levels of structure: thorough discussion of this subject. The double structure

Socalled macrostructure, which is representing - an oupling is controlled by a function of relative void ratio,
assembly O.f silt-size aggregates of the Cla_y partlc_les, aNGyhich evolved from the original proposition Byonso et
so-called microstructure, which is representing the internal al. [1]

structure of these aggregates. A conceptual sketch of these
two levels of structure is in Fig. 1.

2.1 Existing hydro-mechanical model
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2.2 Proposed thermo-hydro-mechanical model

In the proposed modghermal effects on the behaviour of
macrostructure  and  microstructure  have  been
incorporated The model [6] has been enhanced in the
following way:

Integration of Eq. (5), together with the equation
controlling volumetric response of microstructure due
to the change of microstructural effective stress, can
be used for initialisation of the microstructural void
ratio e,,. The equation reads:

e™ = exp [Kmln (:—:ﬂ) +In(1+e}) + as(T — Tr)] -1

e A new mechanical hypoplastic model for saturated

VRLOV [H)Did aQopted as a base mechanical (6)

model for macrostructure. ) ) .
) . . wherep™ is the microstructural effective mean stress
The thermal behaviour of macrostructure is described  ande™ k,, ands, lgrg Ba[a(gnfters

E\ DQ DSSURDFK GHYHORSHSE E\ 0D4tQO DQG

The model assumes temperature-dependent normat In the original model, the double structure couling
compression lines of the form function f,, has been assumed as zero for aggregate

shrinkage. In the present model, however, this
assumption leads to underprediction of global
shrinkage in cooling experiment§he experimental

data (Fig. 4) indicate that the global shrinkage in
cooling depends on suction. The following equation
has been proposed for particle shrinkage which was
found to leads to good representation of experimental

In(1+e)=N(s,T)—2"(s,T)In (pM/pr) @)

where pM is the effective mean stress of
macrostructurep,. is the reference stress of 1 kP&

suction andr" is temperature (measured in Kelvins).
N(s,T) and A*(s,T) are temperature- and suction-

dependent positions and slopes of normal data:
compression lines, respectively. They are defined as s

s r fm = Csn (;) (7)
N(s,T)=N+nS(ln—)+nT1nT— (2) ) ] o

Se r wherecy;, is a parameteff,, is bound within the range
X(s,T) =2 +1(InS) + I In ©) Oto1.

The complete model takes the following rate form:

where N, n,, n, I, [, are parameters and, is a
M= fs[L: (€= fn€™) + fyNllé— f,€™]] + f,(Hs + Hyp)

reference temperature.

The water retention model for macrostructure is based (8)

on the hySteretiC m0de| fl’0m [6], Where the air-entry WhereL’ N’ Hs andHT arehypop'astidensorsf;,fd andﬁ
value of suction.,(7) is considered to be temperature- are hypoplastic scalar factoesis the Euler stretching tensor,
dependent. It is controlled by an equation &M is the objective effective stress rate of macrostructure
and €™ is microstructural strain rateDue to the space

Sen(T) = Sen( ) restrictions, it is not possible to describe Eq. (6) in detail,
s.n the air-entry value of suction for macrostructure, ;hxe |!11r§2;ﬁ)srt|eci trr?:%e(;?j;ir:)rrnefi;é?]t[s& 7, 8] for thorough
which is void ratio dependent anditis calcul_ated using plt is to be pointed out that fr())r the géneral case of a test
zzg:)nﬁgrsfmrgmgi rlpéfen?e()dg:r-gﬁt?;lr?/?alufawoofWith controled stretching, suction rate and temperature
suction s ,for the reference macrostructural void rate, a_nd unknqwn rates of _total stre_ss and degree of
ratio eM Z”;n db in Eq. (4) are parameters. As pointed saturation, solution of Eq_. (6) is not stra_ughtforwqrd: total
out b)?érant and Sal.ehzadeh [2], their vélme@ 18 stress rqte appears both in the formulgnoMnd in the
N/m andh=-0.00015 N/(mK) impl); that the effeéts of fc_;rmulaﬂon ofé™M, thus on both the right- and left-hand

: . . ide of Eq. (6). A numerical procedure has been developed
temperature by water retention capacity are cause
solely on its effect on surface tension. This has not.

a+bT)
a+bTy

o solve this equation, and it has been implemented into an
been suoported by experimental observation hoWeVerln—house general purpose thermo-hydro-mechanical single

P y exp ' element code. This implementation has been adopted in
(Romero et al. [3]).

the evaluation of the model presented in Section 3.
Microstructure is considered to be fully saturated

FROORZLQJ WKH ZRUN E\9DDsatQ Z.QQ&el'ﬂ%BQ&eQSL

mechanical response is considered to be governed by

the Terzaghi effective stress principle with additional |, his section, physical meaning of model parameters
strains induced by temperature variatiohe thermal —\yhich have not been mentioned in Sec. 2.2 is briefly
deformation is considered to be fully reversible, yescriped. These parameters are identical to the parameters
governed by the coefficient using of the basic hydro-mechanical model [6] and the readers

1. ) are referred to the original publication for more details.

émT = gasT
The basic model requires, additionally to the
parameters from Sec. 2.2, to specify paramegers
(critical state friction angle in a standard soil-

whereé™ are thermal strains of microstructure dnd
is the second-order identity tensor.
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mechanics meaning),v (parameter controlling experimental stage has not been prescribed, but it has
stiffness in shear) and* (controls macrostructural instead been simulated from the common initial state. A
volume strain in unloading). the water retention curve simulations were performed from

] o the initial state of total suction,=140 MPa,e=0.64,

* The parametem is present at two places within the 7-25°C 4,,,=1 and zero total stress. The initial stage has
model formulation. First of all, it contrpls the facfor_ been followed bya change of temperature to the desired
and thus the dependency of the wetting- and heatingajue and subsequent suction variation under zero total
induced compaction on the distance from the stategtress. The initial void ratio was calculated from the initial
boundary surface (the higher the valuepthe closer dry densities using specific gravity of graids=2.76,
the state needs to be to the state boundary surface fofnich was implied by the data in [11].
the compaction to become significant). Second! the The samples tested in the suction- and temperature-
parametern controls the double-structure coupling congrolled isotropic cell had all have the initial state of
function and it thus affects the response to wetting- ;=110 MPag=0.53, T=25°C,..,=0 and zero total stress
drying and heating-cooling cyei(see [6). The initial stage has been followed by an (eventual) change

e a.is the ratio of air-entry and air-expulsion values of ©f suction, increase of total stress to 0.1 MPa and increase
suction of the water retenton model for Of temperature. Subsequent testing followed the desired
macrostructure. thermo-mechanical path.

3 Model evaluation 3.3 Calibration of the model

Due to the limited number of available experiments, the

3.1 Description of the material and experiments model has been calibrated using the data to be predicted.
Also, the experimental programmeddnot allow to

The model has been evaluated with respect to experimentatalibrate all the model parameters.hel additional

data on compacted bentonite by Tang and [C0j and parameters have been assumed using the previous

Tang et al. 11]. They studied the behaviour of MX80 experience. It is to be pointed out that the assumed

bentonite from Wyoming, USA, under ndsothermal parameters do not affect substantially the model

conditions.Two experimental data sets have badapted predictions.

The first one has been published by Tang and Tl Parameters of the basic hypoplastic mo#feand «*
They studied water retention behaviafra compacted have been calibrated using isotropic compression
bentonite in suctionand temperatureontrolled isotropic  experiments (Fig. 5). Parametéfsu,, n,, I, I, andm were
cell. Prior to the test, the samples h&e tnitial suction adjusted so the model properly predittposition of
slightly lower than 145 MPa (14@Pawas assumed in the isotropic normal compression lines (Fig. 5) and also the
simulations) and the initial dry density was 16.5 kR/m heating-induced collapse/swelling strains (Fig. 4).
Subsequently,different values of total suction were Parameterg. and v have been assumed.
applied using vapour equilibrium technique and water  Reference values, e and7, have been selected so
content of sampleswas measured until it has stabilised. they were within the range relevant for the present

The second experimental data set has been publishedimylations. The correspondirg has been adjusted for
by Tang et al[1l]. The samples have been tested in ywater retention curve predictions. The parametgr
suctior and temperatureontrolled isotropic cell capable  ¢ontrols both the swelling due to suction decrease (thermo-
of application of high suctions using vapaquilibrium — mechanical tests, Fig. 3) and water retention curves (Fig.
technique high temperaturegup to 80°C reached in the ) The value ofi, has thus been selected to predict
experiments from [11])and high mechanical isotropic  5ccyrately the swelling tests, while it was observed that
stressegup to 60 MPapplied in [11]) Prior to the testing, s value leads to overprediction of water content in water
compacted specimens with an initial suction of 110 MPa ygtention experimentsNote that as very large strains (up
and dry densitie of approx. 17.%N/m’ were machined to 1, 5094) were reached in swelling tests, the experimental
obtain the required dimensions (80 mm in diamete130  ya5 from [11] have been replotted in terms of natural
mm in height). Thereaftey suction was changed using  gyain for consistency with the modelling outpui.
vapour equilibrium technique to the desired valuS9 The value ofa, is controlling the thermal-induced
and110 MPain three experimental s¢thile measuring  gyelling, it has been calibrated using heating tests at the
the swelling deformationSamples weréhenplaced into  gy,ction of 110 MPa (Fig.)4The parameters controlling
the cellandloaded to the initiaisotropic total stress of 0.1\, ~ier retention curve of macrostructure have little
MPa. This was the initial state for subsequeénermo influence on results at very high suctions,anda, have
mechanicatesting For the detailed description of the tests i1,,s been assumed am@ndb have selected considering

the reader is referred {a.1]. that the effects of temperature on water retention capacity
are caused solelyy its effect on surface tension.

3.2 Description of the modelling procedure The set of parameters adopted in all the simulations is
given in Table 1.

In the simulations, complete thermo-hydro-mechanical

histories of the samples have been followed. That is, the

initial state for the given thermo-hydro-mechanical
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Table 1. Parameters of the model adopted in all the simulations.

1% A" K N v ns Is
25 ]0.08L 0.01 146 0.25 |0.01| 0.0045

n I m Os Kin et | con
-0.07| O 10 o'???ls 0.2 0.1| 0.002

Se0 a b de Sr e | T.
200 kP¢0.118/-0.000154 0.75 | 140 MPa| 0.5| 294 K

3.4 Model predictions

Model predictions are shown in Figures 2 to 5.

e, [%]

experimenf

model
40 +
.30 L
.20 L
_10 L

0 1 I

10 100
suction [MPa]

Figure 3. Swelling strains developed during wetting of the

The predicted water retention curves are in Fig. 2. It issamples later tested isuction and temperatureontrolled
clear that, although the model predicts correctly the isotropic cell. Experimentatiata [11] compared with model
swelling due to wetting (Fig. 3), it is overpredicting water Predictions.

content at lower values of suction (Fig. 2). These two facts

Volume strains due to heating at various values of

are contradictory, and they can be caused by the fact thagyction and mean total stress are shown in Figure 4. The

the two experimental data sets originate from different model is accurate|y predicting the observed Comp|ex
experimental data sets (albeit from the same soilpehaviour. In particular:

mechanics laboratory)The samples alstiad different
initial conditions, there can thus be slight variations in the ®
soil structure, which affects soil properties

As the model predicts aggregate swelling with heating,
it also predicts slightly higher retention capacity of heated
soil: the experiments appear to show the contrary, but the,
difference is small.

30
25 -
20
B'_g'
L 15 exp., T=20°C
exp., T=40°C
10 exp., T=60°C
exp., T=80°C °
model, T=20°C
5 r model, T=40°C
model, T=60°C
0 model, T=80°C )
1 10 100
suction [MPa]

Figure 2. Water retention curves at different temperatures:
experimental datfl0] compared with model predictions.

Figure 3 shows swelling due to wetting at zero total
stress and constant temperat®&C as measured on
samples which have later been placed intestiwion and
temperaturecontrolled isotropic cell. Swelling is slightly
underpredicted, which is a comgence of optimization of
the model calibration so that also water retention curves
are predicted reasonabliRecall that complete thermo
hydromechanical histories of the samples have been
simulated, the state reached after the wettitage thus
represets the initial state for subsequent simulations.

At high suctions (110 MPa), the model is correctly
predicting swelling, whose magnitude is controlled by
the parametet,. The heating-induced swelling at high
suctions is primarily reversible (Fig. 4b).

At lower values of suction (9 MPa for total stres$s o
0.1 MPa and 39 MPa for total stress of 5 MPa), the

model
SFROODSVH"’

is predicting heating-induced compaction

7KLV FRPSDFWLRQ LV

controlled by the offset of normal compression lines

at different temperatures (by the parameteasidny).

Still, for stress 0.1 MPa and suction 39 MPa the state
is well within the state boundary surface and heating-

induced swelling is
experimental data.

predicted in agreement with

Upon cooling, the model is predicting cooling-induced
contraction. This contraction depends on suction, such
that it is most pronounced at high suction of 110 MPa
and least significant at lower values of sucti@® (
MPa and 9 MPa)These predictions are governed by

the dependency of

the double-structure coupling

factorf,, on macrostructural degree of saturation (Eq.

(7))
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30 } 1 Figure 5. Isotropic compression tests at various suctions and
p=5 MPa temperatures. (a) experimental data fifdrj, (b) predictions.
20 : : : :
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e, [%] 4 Summary and conclusions
(b) A new thermos-hydro-mechanical model for expansive

Figure 4. Volume change due to heating and cooling at total soils based on double structure concept and hypc_)plasticity
isotropic stresssof 0.1 MPa (a) and 5 MPa (bixperimental @S been developed. In the paper, the most important
data[11], compared with model predictions. properties of the model have been presented. It has been
. . . . . shown that the model provides correct predictions of the
The isotropic compression at various values of SUCt'O”compIex behaviour of MX80 bentonite under various
and temperature is shown in Fig. 5. The model prediCtSthermo-hydro-mechanical paths.
reasonably the initial void ratio, implied by wetting- In particular, the model properly predicts swelling or
induced swelling during the preceding experimental Stage-shrinkage in heating-cooling tests, depending on the
Considering the effect of temperature, the model predictSerent syction, total stress and void ratio. Also, global
lower position of the isotropic normal compression lines at swelling of the samples due to wetting and the influence of
higher temperatures (the parameigrhas a negative gciion and temperature on the shape if isotropic
value). The differgnce appears to be insignificgnt i.n Fig. 5’compression curves are well predicted. The model
but they are important to induce heating-induced gyerpredicts the global water content at low values of

compaction shown in Fig. 4. ) __suction, but this can potentially be caused by inconsistency
Figure 5 shows that also the shape of the isotropicj, the two experimental data sets.

compression lines and the effect of suction on apparent
preconsolidation pressure is predicted properly.
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