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ABSTRACT: The behaviour of compacted bentonite upon hydration is numerically investigated here by simu-
lating a swelling pressure test on a MX-80 bentonite sample. Two constitutive models are employed in the
analysis: the “Imperial College Single-Structure Model” (ICSSM) and the “Imperial College Double-Structure
Model” (ICDSM), the latter specifically developed for expansive clays. It is shown that the latter exhibits a
considerably improved performance as it is able to accurately capture the swelling pressure developed in the
material upon wetting. Nevertheless, a limited knowledge of the evolution of the material’s fabric, notably at
the micro-scale, is an obstacle for deriving with certainty some of the model parameters. This issue is high-
lighted here by performing analyses of the swelling pressure test with two sets of material characterisations,
with model parameters differing in the derivation of the microstructural component. Both analyses show a
very good match with the test data, but it is difficult to justify one set of microstructural parameters over the
other. The paper emphasises what aspects of experimental research could be helpful in studying the fabric of
compacted bentonite upon wetting, and hence improve the calibration procedure of the double-structure mod-

el.

1 INTRODUCTION

Modelling unsaturated, highly expansive clays is
an important and challenging subject of research that
entails a vast range of engineering applications, no-
tably an engineered disposal of nuclear waste.

A new constitutive model for expansive clays,
called ICDSM, has been developed at Imperial Col-
lege, which includes a double-porosity structure in
its formulation. This new model is used here to study
a swelling pressure test on MX-80 bentonite, carried
out by Dueck et al. (2011, 2014), which had the pur-
pose of recreating the expansion upon wetting of the
material in a controlled laboratory environment. The
experiment consists of a constant volume saturation
followed by a swelling phase.

The numerical results obtained with the new
model are compared with the experimental data, as
well as with the results obtained simulating the same
test with the ICSSM by Georgiadis et al. (2003,
2005). This model was formulated as an enhance-
ment of the original Barcelona Basic Model (BBM,
Alonso et al., 1990), by incorporating a versatile
yield surface, a nonlinear increase of apparent cohe-
sion with suction and a nonlinear isotropic compres-
sion curve.

While it is reasonable to expect a substantial im-
provement in the predictions obtained with the dou-
ble-structure model in comparison to the model by
Georgiadis et al. (2003, 2005), some uncertainties
regarding the calibration of the model still persist. In
particular, the knowledge of the fabric, especially at
the micro-scale, is limited due to the lack of experi-
mental evidence and it is foreseeable to further mod-
ify the numerical framework once more experi-
mental data becomes available.

2 OVERVIEW OF THE NEW MODEL

Two stress variables are used in this framework.
One is the equivalent stress, o = onet + Sair, Where
onet 1S net stress, defined as onet = Gtot — Patm, Ctot bE-
ing total stress and pam being the atmospheric pres-
sure, which is considered constant; meanwhile, Sair is
the suction air entry value, which is also assumed to
be a constant. The second stress variable is equiva-
lent suction, Seq = S — Sair, S being the matric suction.
The convenience of choosing these stress variables is
further discussed in Georgiadis et al., (2003, 2005).

The model takes into account the double-porosity
structure, typical of compacted expansive clays, by
introducing two interactive scales of structure: the
macrostructure and the microstructure. The fabric is



characterised through a model parameter labeled
“the void factor”, defined as the ratio of microstruc-
tural void ratio, em, over the total void ratio, e:

VF = (1)

For the sake of consistency, the following condi-
tion must always be satisfied: e = em + em, Where
em Is the macrostructural void ratio. Thus, the void
factor expresses whether the fabric of the material is
predominantly influenced by the microstructure or
by the macrostructure.

In accordance with experimental evidence, the
microstructure is assumed to be elastic and saturated
and its behaviour is purely volumetric. Consequent-
ly, the effective stress principle holds and the mate-
rial behaviour at this level is controlled by the mean
microstructural effective stress, defined as:

P'=P+s, )

where p is the mean equivalent stress. Similar to
the assumption in the Barcelona Expansive Model
(BExM, Gens & Alonso, 1992; Alonso et al. 1999;
Sanchez et al. 2005), the change in microstructural
effective stress triggers both reversible and irreversi-
ble strains. At microstructural level the elastic strains
are quantified as follows:
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where the microstructural bulk modulus is de-
fined as:

l+e
Ky=—"p (4)

Km

km 1S the elastic compressibility parameter of the
microstructure. The material’s elastic behaviour up-
on changes of equivalent stress and/or equivalent
suction is defined by contributions from both the
macrostructure and the microstructure. The intro-
duced void factor, VF, is used here to weigh the con-
tribution of each term, hence obtaining the following
total elastic strains due to changes in equivalent suc-
tion:
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where KM is the macrostructural bulk modulus
with respect to changes in equivalent suction and it
is defined as follows:
1+e
KsM = K . (Seq + patm) (6)
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ks being the elastic compressibility of the macro-
structure with respect to changes in equivalent suc-

tion. Moreover, the global bulk modulus with re-
spect to changes in equivalent stress is:
1
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where Ko™ is the macrostructural bulk modulus
with respect to changes in equivalent stress, which is
defined as:
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x being the elastic compressibility of the macro-
structure with respect to changes in equivalent stress.
Finally, Young’s modulus is evaluated as:

E =3K,, (1-2v) 9)

where vis Poisson’s ratio. With these compo-
nents the elastic constitutive matrix can be formed.

Microstructural plastic strains are assumed to be
equal to the elastic micro-strains multiplied by a sca-
lar, f5, which presents the interaction function:

Agjp = f,As, (10)

The expression for fz of Sanchez et al. (2005) is
adopted, but expanded to allow for the study of
boundary value problems:

Cc3
Cc1+Cc Z[S—g] if 2—520

o micro—compression
ccp if TF<0
Po
B Cs3
C51+Cs Z[l—g—g] if Prxg (1 1)

D Po micro—swelling
Cg1+Cgp if p—r<0
0

where Cc1,Cc2,Cc3 and Cs1,Cs2,Cs3 are shape coeffi-
cients and the ratio pr/po is an expression of the de-
gree of openness of the structure (Gens and Alonso,
1999), as it takes into account the distance of the
current stress state from the yield surface. The po is
the isotropic yield stress and pr is related to the cur-
rent stress state.

At every loading step, one of the fs functions
from Equation (11) is active, depending on whether
the microstructure is swelling or contracting, which
is established according to the sign of the micro-
structural effective stress change. However, this se-
lection is not a simple task because the integration of
the constitutive model equations to obtain the
change in mean microstructural effective stress, Ap’,
from changes in total strains, Ag requires prior
knowledge of its value (i.e. Ap’ is an unknown in the
iterative solution of governing equations). Conse-
quently, an alternative criterion from that reported in
the literature is adopted here, which relies on the to-



tal strain changes when selecting the active interac-
tion function:

1. Ago>0 - micro-swelling

2. Asioi<O -> micro-compression

where Asi 1S the change in volumetric total
strain. This adjustment in the formulation allows the
implementation of the model in a general finite ele-
ment software, required to solve boundary value
problems.

Thus, the model allows the contribution of the
microstructure in the irreversible behaviour to be in-
cluded in a relatively simple conceptual manner.
However, this complicates the formulation because
the microstructural plastic mechanism cannot be as-
sociated with a proper yield surface and, hence, it
cannot be defined within the classical plasticity theo-
ry. All details on how this issue has been overcome,
as well as the model’s implementation in a finite el-
ement code, are discussed in Ghiadistri et al. (2018).

Irreversible changes due to loading imply the evo-
lution of the material at both scales. The state of the
microstructure is monitored by the void factor, VF,
which, in the model formulation, acts as a hardening
parameter. Its evolution law is defined as follows:

Ae Ap’
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On the other hand, the macrostructure, which is
governed by the framework described in Georgiadis
et al. (2003, 2005), follows the familiar hardening
law of the critical state framework:
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where po” is the equivalent fully saturated yield
stress, v is the specific volume, A(0) is the fully satu-
rated compressibility coefficient and A&Pvo is the
change in plastic volumetric strain. The latter is the
sum of two contributions, the macrostructural one,
indicated with the subscript LC, and the microstruc-
tural one, indicated with the subscript £
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As a result, the macrostructural hardening law en-
sures the coupling between the two structures. How-
ever, it should be noted that while the micro-scale
influences the evolution of the macrostructure, the
opposite does not apply.

Finally, the model takes into account that the fab-
ric of the material undergoes permanent changes up-
on hydration. This means that the double porosity
structure disappears upon full saturation and the ma-
terial assumes a single porosity structure (Seiphoori
et al., 2014; Monroy et al., 2010). Such change is ir-
reversible. Consequently, once the suction has re-
duced below the air-entry value, the void factor is set
to zero and the microstructure ceases to exist. This

does not cause any discontinuity in the behaviour of
the material because the total void ratio does not
present any discontinuity.

3 EXPERIMENT

The axial swelling test to be simulated comprises
the constant volume saturation of a cylindrical sam-
ple, 50mm in diameter and 20mm high, followed by
free expansion in the axial direction until an axial
strain of 25% is reached. The experimental set-up is
shown in Figure 1.

/

Figure 1. Experimental setup for the axial swelling test (Dueck
etal., 2011, 2014).

Throughout the course of the experiment, the
sample is confined laterally by means of a steel ring,
whereas a piston is placed along its top boundary in
order to ensure constant volume conditions before
and after the expansion phase. No counteracting
shear stresses are present on the lateral boundary as
the friction is minimised by use of a lubricant. The
wetting boundary coincides with the top of the spec-
imen. Two load cells are placed in the vertical and
radial direction, allowing total stresses to be moni-
tored during the entire duration of the tests. In par-
ticular, radial pistons are placed in holes through the
steel ring for the measurement of radial forces
(Dueck et al., 2011, 2014).

The experiment can be divided into the following
stages: 1) wetting at constant volume until satura-
tion; 2) piston is moved 5 mm upwards, with no wa-
ter inflow or outflow allowed. The contact between
piston and sample is lost at this stage; 3) bentonite
swells and fills the space left by the piston, while al-
lowing inflow or outflow of water; 4) once the sam-
ple-piston contact has been re-established, and thus
the volume of the sample is again constant, the
swelling pressure can be measured again.



4 NUMERICAL SIMULATION

4.1 Analysis, material and initial conditions

The simulation of this experiment is performed
with a finite element code ICFEP (Potts &
Zdravkovic, 1999), the bespoke computational plat-
form of the Geotechnics research group at Imperial
College in which the model is implemented.

The analysis of this experiment requires hydro-
mechanically coupled formulation. It is carried out
using a finite element mesh consisting of 9 (3x3)
quadrilateral, 8-noded finite elements. Due to the
geometric and loading symmetry of the experiment,
the analysis is performed as axi-symmetric. Addi-
tional analyses with finer meshes showed no mesh-
dependency of the numerical predictions. The width
of the mesh is 25mm and the height 20mm.

The calibration of the double structure model for
MX-80 bentonite yields the parameters reported in
Table 1; whereas the initial conditions of the speci-
men are listed in Table 2.

Table 1. Model calibration for MX-80 bentonite.

Parameters

o = aq, 1% shape parameter YS and PP 0.4
1= 11, 2" shape parameter YS and PP 0.9
M, stress ratio at critical state 0.5
pc , Characteristic pressure (kPa) 1000
A(0), Fully saturated compressibility coef-

L 0.25
ficient

x, elastic compressibility coefficient, 0.08
Macro '

r , maximum soil stiffness parameter 0.61
B, soil stiffness increase parameter

(1/kPa) 0.00007
K , elastic compressibility coefficient 0.06
w.r.t. suction, Macro (kPa) '
v, Poisson’s ratio 04
S, yield value of suction (MPa) 1000
Km , elastic compressibility coefficient, mi-
cro (kPa) 0.18
Cs7, Cs2, Cs3, swelling interaction function
coefficients -0.1,1.1,2
Cc/, Cc2, Cc3, contraction interaction func-
tion coefficients -0.1,1.1,2
Sair , air-entry value of suction for wetting
and drying paths (kPa) 1000
Table 2. Initial conditions.
Values

Compaction pressure (MPa) 35
Water content (%) 12
Void ratio 0.68
Void factor 0.4
Dry density (kg/m3) 1655
Axial stress (MPa) 0.6

Radial stress (MPa) 0.3

4.2 Boundary conditions

The boundary conditions applied in the analysis
are the following: phase 1, horizontal displacements
are set to zero along the vertical boundaries of the
mesh, while vertical displacements are set to zero at
the horizontal boundaries, thus creating a constant-
volume conditions. A gradual (reducing) change in
suction is imposed on the top boundary until the
equivalent suction reaches zero throughout the
whole sample in a given time; there is no flow of
water across the remaining sample boundaries in all
phases of the experiment; phase 2, horizontal dis-
placements are set to zero on the vertical boundaries
and vertical displacements are set to zero on the bot-
tom boundary. There is now no flow of water across
the top boundary of the mesh, as the simulated sam-
ple is not in contact with water at this stage. The top
boundary is allowed to swell freely, with the vertical
reactions at nodes on this boundary, created from the
restriction of movements in phase 1, gradually re-
duced to zero; in phase 3, a change in suction is fur-
ther imposed at the top boundary, while horizontal
displacements remain set to zero on the vertical
boundaries and vertical displacements remain set to
zero on the bottom boundary. These boundary condi-
tions apply until the desired heave of the top bounda-
ry has been reached; phase 4, same boundary condi-
tions as phase 1.

5 RESULTS AND DISCUSSION

In Figures 2 and 3 the evolution of the total axial
stress and the total radial stress in time is shown, as
predicted from the analyses employing the above
presented ICDSM and the ICSSM.

The match between experimental data and numer-
ical solution is very good in the case of the expan-
sive model, which predicts a considerably higher ax-
ial and radial total stress than the single structure
model. Comparing the magnitudes of the stress pre-
dicted by the models, it can be argued that the mi-
crostructure is responsible for a considerable amount
of the swelling. It can also be noticed that, according
to the laboratory data, the radial stress reached upon
full saturation (10MPa) is slightly higher than the
axial stress (8BMPa), whereas both models predict an
isotropic behaviour. This could suggest that the ma-
terial presents some anisotropy in its mechanical re-
sponse, maybe caused by the one-dimensional com-
paction process that the specimen has undergone
before testing. An extensive experimental study
would be required to characterise the potential ani-
sotropy of compacted bentonite, based on which it
would be possible to adjust the numerical model ac-
cordingly.
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Figure 2. Axial swelling pressure evolution in time from exper-
imental data and numerical predictions. Due to the lack of ex-
perimental data, phase 3 is not represented in this figure.
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Figure 3. Radial stress evolution in time from experimental data
and numerical predictions.

The results of the numerical analysis using the
new double-structure model are very encouraging.
However, there is a degree of uncertainty regarding
the model calibration in relation to the microstruc-
tural parameters fz and xm, as they have not been de-
rived from any experimental evidence. At present,
such evidence is lacking from laboratory tests. The
interaction functions have been shaped on the basis
of qualitative considerations, while the microstruc-
tural compressibility has been assumed to have a
value that is comparable to those typical of elastic
compressibility parameters. On the other hand, the
other microstructural parameter, the void factor, can,
in principle, be quantitatively correlated to results

from Mercury Intrusion Porosimetry (MIP) investi-
gations. However, this needs further research to
quantify the evolution of microstructural change
from the as-compacted double-porosity to the fully
saturated single porosity structure.

An example of the likely consequences resulting
from the uncertainties in the calibration of the mod-
el’s microstructure is shown in Figure 4. The figure
shows the same measured axial swelling pressure as
in Figure 2, and two numerical predictions of this
pressure. The prediction “Cal#1” is the same as
shown in Figure 2, obtained by employing model pa-
rameters in Table 1. The second prediction “Cal#2”
is obtained by redistributing the compressibility of
the material between the two levels of structure and
modifying the interaction functions. The microstruc-
tural parameters are changed to xw=0.1 and
Cc5=Cs3=5.0, meanwhile the macrostructural com-
pressibility parameter with respect to suction is set to
xs=0.091, which is still a realistic value for benton-
ite. Both predictions show an excellent agreement
with the test data. This represents an unusual out-
come as the material should be unequivocally char-
acterised. At present there is no sufficient experi-
mental evidence to choose one calibration over the
other.

Consequently, as the effectiveness of the new
model has been demonstrated, further effort is need-
ed in elaborating a satisfactory calibration process
for all of its parameters. It is evident that this re-
quires further experimental investigation of the mi-
crostructure of compacted expansive clays. Further
experimental information could also lead to re-
formulating certain aspects of the framework in or-
der to assign a more precise physical meaning to the
relevant parameters.
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Figure 4. Two alternative calibrations for MX-80 bentonite
give equally satisfying results.



6 CONCLUSIONS

A new double structure constitutive model for
expansive clays is introduced and used to reproduce
a swelling test on a compacted sample of MX-80
bentonite. The simulation shows very good results,
as the ICDSM clearly improves the model perfor-
mance compared to that of the ICSSM. The simula-
tions emphasise the relevance and the role of the mi-
crostructure in the swelling of highly expansive
clays. Nevertheless, some uncertainties about the
calibration of the model, mostly due to the lack of
experimental evidence regarding the microstructure,
still remain and require further testing of this materi-
al, with a particular focus on quantifying the evolu-
tion of the microstructure in the hydration process.
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