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Abstract

Bentonite has remarkable swelling characteristics and low permeability that enhance the stability of the buffer materials in repositories
for the geological disposal of radioactive waste. It is necessary to apply reliable numerical simulation techniques to assess the safety and
mechanical stability of repositories over a long period of time. Having a constitutive model that can describe the mechanical behavior of
bentonite is key to such numerical simulations. This paper proposes an elasto-plastic constitutive model to describe the changes in the
mechanical properties of bentonite due to saturation in the progress of a repository becoming submerged under groundwater. In the
proposed model, the swelling index is formulated as a function of the degree-of-saturation to express not only the swelling behavior,
but also the dependency of the degree-of-saturation on the dilatancy characteristics. The montmorillonite content is used as a material
parameter to determine the normal consolidation line. The experimental results of swelling volume and swelling pressure tests in previous
literature are shown to have been satisfactorily predicted by the proposed model.
© 2017 Production and hosting by Elsevier B.V. on behalf of The Japanese Geotechnical Society. This is an open access article under the CC BY-

NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Bentonite materials exhibit characteristics of high swel-
ling and low permeability that make buffer materials suit-
able for use in repositories for the geological disposal of
radioactive waste. Buffer materials are expected to act as
self-sealing barriers to water channels, to prevent the leak-
age of radionuclide-contaminated groundwater, and to
mitigate the stress caused by rock creep acting on the body
of waste.
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Bentonite buffer materials will be in an unsaturated con-
dition as a result of compaction. After the closing of a
repository, the bentonite materials will become saturated
due to the seepage of groundwater. Reliable numerical sim-
ulations must therefore be developed in order to verify the
long-term safety and mechanical stability of the compacted
and unsaturated bentonite materials during their subse-
quent saturation. Having a constitutive model that can
describe the mechanical behavior of bentonite in both
unsaturated and saturated states is key to such numerical
simulations.

To address the swelling characteristics of bentonite
materials, various constitutive models have been proposed.
Komine and Ogata (1996) proposed relational equations
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for the swelling strain and swelling pressure of compacted
bentonite based on the diffuse double-layer theory and
showed the predictions of swelling test results with high
accuracy. Namikawa et al. (2004) examined the applicabil-
ity of some existing elasto-plastic constitutive models for
non-expansive soil to saturated bentonite materials. Hirai
and his colleagues (2005, 2006) presented an improved
Cam-Clay model in an attempt to describe the mechanical
behavior of saturated bentonite. Furthermore, various
studies on the constitutive modeling of unsaturated ben-
tonite have been done. The constitutive model proposed
by Shuai and Fredlund (1998) expressed various swelling
test results using an oedometer. Alonso and Gens (1999)
proposed the Barcelona expansive model (BExM) to be
used for the unsaturated state of expansive soil materials.
By distinguishing micro-level void structures from macro-
level ones, BExXM expresses the mechanical behavior of
unsaturated expansive soil. Sun and Sun (2012) highlighted
the difficulty of applying BExM, especially with regard
to parameter setting, and proposed an unsaturated
constitutive model from a macroscopic perspective. Cui
et al. (2002) proposed an unsaturated elastic constitutive
model, in accordance with the concept of critical swelling
curves, and simulated water absorption and swelling
behavior under constant confining pressure, as well as
compression behavior under constant suction conditions.
Unsaturated constitutive models proposed by Oka et al.
(2008) and Tachibana et al. (2012) expressed swelling
behavior by adding new components of strain to the
constitutive models that have been used for general clay
materials.

On the other hand, in a study by Takayama et al. (2012),
fundamental considerations of an elasto-plastic constitu-
tive modeling for fully saturated bentonite were investi-
gated. They examined the mechanical characteristics of
bentonite based on recent experimental data taken from
the literature. According to the results of triaxial CU tests
on bentonite, conducted by Sasakura et al. (2002, 2003),
Takaji and Suzuki (1999), and Ann et al. (2010), it was seen
that the effective mean stress changed very little during
shearing. This implies that bentonite possesses few dila-
tancy characteristics from the viewpoint of the critical state
theory. In addition, converting the effective vertical stress
obtained from oedometer tests into effective mean stress,
using the relationship between the coefficient of earth pres-
sure at rest (K0) and the over-consolidation ratio (OCR)
obtained by Sasakura et al. (2003), it was found that the
hysteresis response between loading and unloading pro-
cesses scarcely appeared in the relationship between the
void ratio and the effective mean stress. The behavior given
by oedometer tests generally includes dilatancy behavior.
However, because saturated bentonite has hardly any dila-
tancy characteristics, this relation can be considered as the
isotropic loading and unloading response. Therefore, satu-
rated bentonite can be regarded as a material in which the
swelling line corresponds to the normal consolidation line
(NCL).

Since there is no constitutive model for unsaturated ben-
tonite which can express the mechanical behavior of satu-
rated bentonite, a new constitutive model for unsaturated
bentonite is proposed in this study. This study extends
the elasto-plastic constitutive model for unsaturated non-
expansive soil to that for bentonite materials. To verify
the model’s capability to represent the swelling and col-
lapse behavior of bentonite materials, as seen in previous
studies by Cui et al. (2004, 2006), simulations of swelling
volume tests are performed. Furthermore, the swelling
pressure is calculated using the proposed model to predict
the experimental results obtained from the swelling pres-
sure tests by Suzuki and Fujita (1999).

It should be noted that the present study focuses on the
mechanical behavior of KuniGel V1, because repository
designs in Japan currently suggest it as a candidate for ben-
tonite buffer material. Moreover, since bentonite buffer
materials in a repository will be in a compacted state and
confined by the surrounding rock, the present study exam-
ines bentonite with a relatively high density. While Kuni-
Gel V1 is a bentonite clay composed mainly of
montmorillonite, it also contains quartz, plagioclase, and
other minor constituents. Table 1 shows the basic geotech-
nical properties of KuniGel V1 measured by Komine
(2005). The montmorillonite content of KuniGelV1 pro-
duced before the year 2000 is 48%, but that after the year
2000 increases to 57%.

2. Constitutive modeling

According to Takayama et al. (2012), saturated ben-
tonite possesses few dilatancy characteristics and the swel-
ling line under the saturated condition corresponds to
NCL. Moreover, it can be modeled as an elasto-plastic
material in which plastic volumetric strain occurs to a very
limited extent up to the critical state. In this section, a
mechanical model for unsaturated bentonite, which takes
into account these mechanical properties of saturated ben-
tonite, is formulated by extending the effective degree of the
saturation (Se)-hardening model proposed by Ohno et al.
(2007), which is the elasto-plastic constitutive model for
unsaturated non-expansive soil.

2.1. Se-hardening model for unsaturated soil

The Se-hardening model represents the mechanical
characteristics and behavior of unsaturated soil such as

Table 1
Basic geotechnical properties of KuniGel V1 by Komine (2005).

Property Before year 2000 After year 2000
Particle density (Mg/m?) 2.79 2.79

Liquid limit (%) 473.9 458.1

Plastic limit (%) 26.61 23.7

Plasticity index 447.3 4344
Montmorillonite content (%) 48 57
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the increase in stiffness due to desaturation and collapses
caused by water infiltration. Predictions of such typical
behavior of unsaturated soil can be achieved by choosing
not only the plastic volumetric strain, but also the effective
degree of saturation as hardening parameters that control
the size of the yield surface.

The effective stress under the unsaturated condition,
proposed by Karube et al. (1996), is given by

¢ =d¢" +p1 (1)

where ¢’: effective stress tensor; ¢": net stress tensor; p,:
suction stress; and 1: second order identity tensor. The
net stress tensor and suction stress can be defined as

¢ =06-p,1 (2)
ps = SSe (3)

where o: total stress tensor; p,: pore air pressure; s: suction;
and S,: effective degree of saturation. Suction and the effec-
tive degree of saturation can be defined as

S =Py = Pu (4)
Se = (Sr - SrO)/(l - SrO) (5)

where p,,: pore water pressure; S,: degree of saturation; and
S,o: residual degree of saturation at s — oo.
In the Se-hardening model, NCL is expressed as
/

e=eo—ilnZ (6)

Py
where /: compression index and e,: void ratio correspond-
ing to preconsolidation stress p;. The preconsolidation
stress pj, in the unsaturated condition is expressed as a func-
tion of the effective degree of saturation S, as follows:

Po = Pl (7)
{=exp{(l —S.)"Ina} (8)

where p .: preconsolidation stress corresponding to the
void ratio of ¢, at the saturated state; and a, n: fitting
parameters to determine the magnification of the precon-
solidation stress in accordance with the effective degree of
saturation (1 < { < a). Fig. | shows the yield characteris-
tics under the unsaturated condition. The normal consoli-
dation line runs parallel to that of the saturated state
(S. = 1.0) with a decrease in the degree of saturation.

The yield function of the Se-hardening model is the
same as that of the Cam-clay model and is expressed as

P4
where M: critical state parameter and p/: consolidation
yield stress. Dilatancy coefficient D is defined as
A—K

D=—" 10

(14 eo)M (10)
where « is a swelling index. Consolidation yield stress p/,,
which determines the size of the yield surface in an arbi-
trary unsaturated condition, is defined as

e

!

Inp

’
Clp sat0

Fig. 1. Conceptual schematic of compression characteristics of unsatu-
rated soil.

’ ’
psat() gpsato

P =P (11)

where p! : consolidation yield stress in a saturated condi-
tion. Fig. 2 shows a conceptual schematic of the yield sur-
faces. In the Se-hardening model, hardening occurs due to
a decrease in the degree of saturation and the occurrence of
plastic volumetric strain, while softening occurs due to an
increase in the degree of saturation.

2.2. Extension of model to bentonite materials

2.2.1. Compression behavior of unsaturated bentonite
materials

Kobayashi et al. (2007) determined the constant degree-
of-saturation lines for a KuniGelV1 specimen through a
series of one-dimensional air-drained and water-
undrained compression tests with 35%, 30%, 25%, 20%,
and 11% water contents until each specimen reached the
saturated state. The constant degree-of-saturation lines
obtained from these tests can be expressed as the following
empirical equation:

pu/pw =0.156In6, — 0.77 exp(—S,/100/0.36) + 1.5 (12)

Hardening
dueto drying

Softening
dueto wetting

Hardening
dueto occurrence of
plasticvolumetric strain

D =Py P

Fig. 2. Schematic of yield surfaces of Se-hardening model.
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where p,: dry density (Mg/m’); p,: water density
(=1.0 Mg/m?); and o,:vertical stress (MPa). Fig. 3 shows
the constant degree-of-saturation lines drawn in the
e —Ino, plane and illustrates that the constant degree-of-
saturation lines in the ¢ —Ing, plane are approximately
parallel to one another. While Kobayashi et al. (2007) used
the total stress rather than the effective stress to draw the
constant degree-of-saturation lines, it would be appropri-
ate to use the effective degree of saturation as a hardening
parameter for bentonite under high pressure where the
influence of suction is comparatively small, as modeled
by Ohno et al. (2007). More specifically, in this model,
the NCL is assumed as Eq. (6) and the swelling line of ben-
tonite at a specific degree of saturation is assumed as
/
e=el, , —xln P (13)

/
sat

where e|,_, is the void ratio at yield.
sat

According to Takayama et al. (2012), the swelling line
substantially corresponds to the normal consolidation line
only when the bentonite becomes saturated. Compression
index 4 and swelling index x, therefore, have the following
relations:

~ A when §,=1.0 (14)
k <A when S,<1.0 (15)

Moreover, since the constant degree-of-saturation lines
are subparallel, as shown in Fig. 3, compression index A
is independent of the degree of saturation, while swelling
index x depends on the degree of saturation.

2.2.2. Modeling of dilatancy characteristics

Based on the above-mentioned interpretation proposed
by Takayama et al. (2012), saturated bentonite possesses
few dilatancy characteristics. On the other hand, the results
of constant volume direct shear tests under the unsaturated
condition conducted by Kodaka and Teramoto (2009)

0.8

<
2

Void ratio, e

0.6
2 4 10

Vertical stress, o, MPa

Fig. 3. Constant degree-of-saturation lines of KuniGel V1 proposed by
Kobayashi et al. (2007).

show that unsaturated bentonite possesses dilatancy char-
acteristics. Thus, the plastic volume changes due to shear
under saturated and unsaturated conditions are expressed
as the following two equations, respectively.

¢’ ~ 0 when S, =1.0 (16)

¢ # 0 when S, < 1.0 (17)

Eq. (16) predicts almost no change in the elastic volume
change (& ~ 0) under constant volume shear only under
the saturated condition, and brings a glacial change in
the effective mean stress through a hypo-elastic constitutive
relation, as specified in Section 2.3. Such expressions of
dilatancy characteristics can be attained by introducing
the dependency of the degree of saturation on the swelling
index, as shown in Egs. (14) and (15), since the present
study describes the plastic volumetric strain in a similar
formulation to the Se-hardening model or the Cam clay
model as

AR WP pd (18)

& = kS
"o l+e  p )4

Based on the assumption that critical state parameter M
is constant and independent of the degree of saturation,
Eq. (18) encompasses both Egs. (16) and (17) via the defi-
nition of dilatancy coefficient in Eq. (10) only by modeling
the swelling index so as to satisfy Eqs. (14) and (15). In
other words, such treatment of the swelling index enables
the model to express the volume changes due to not only
the swelling, but also the shearing in a wider range of
degrees of saturation. This idea for the swelling index in
the constitutive modeling comes from careful observations
of the typical and qualitative behavior of bentonite. It
would be impossible to explicitly determine the relationship
between the swelling index and the degree of saturation
through the experiment results. Thus, in this study, an evo-
lutional law for the swelling index is proposed as a mono-
tone increasing function according to the increase in the
degree of saturation.

K =K(S,) = Ko — (Ko — Kea)S" (19)

where kg, is the swelling index at the saturated condition
which should be slightly smaller than compression index
A; o: swelling index at S, = 0; and /(> 0): fitting parameter
that controls the dependency of the degree of saturation. It
is noted that, if k,, = Ko is set, the swelling index becomes
independent of the degree of saturation and the model is
reduced to the Se-hardening model. Figs. 4 and 5, for
example, show the dependence on the swelling index and
the dilatancy coefficient of the effective degree of satura-
tion, respectively, with the values of /1=0.125,
ko = 0.010, ¢y = 0.10, and M = 0.45.

Fig. 6 shows conceptual schematics of a state boundary
surface and an elastic wall at (a) unsaturated and (b)
saturated states determined by the model proposed in the
present study. The state boundary surface in the volume
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Fig. 4. Changes in swelling index with changes in effective degree of
saturation.
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Fig. 5. Changes in coefficient of dilatancy with changes in effective degree
of saturation.

constant section (e =e¢j) at an unsaturated state is
{-times as large as that at a saturated state in the direction
of the p'-axis, as specified in Eq. (7), while it deforms into
an upward convex shape along the g-axis in accordance
with the approach of the swelling index to the compression
index due to saturation, as defined in Eq. (19). Therefore,
the shape of the state boundary strongly depends on the
degree of saturation. On the other hand, the yield surface
which is a projection of the intersection between an elastic
wall and a state boundary surface on the p’ — ¢ plane just
expands due to hardening or shrinks due to softening in
a similar fashion to the Se-hardening model without any
change in shape since the proposed model characterizes a
single critical state line and the shape of the yield surface
depends only upon critical state parameter M. It is noted
that, if the associated flow rule is applied to this model,
the increment in plastic volumetric strain becomes zero at
the critical state.

q
@
‘5\6\)
S AM
&
Aume section
o .
& Yield surface
O
£ SN\ p
() = — A / ®
S & <J / /
¥ \
&
g )| esey
SIS o

q Vo,
1%,

Yield surface

EW: Elastic wall

Normal consolidation line at S, =1.0

Swelling line at S, =1.0

(b) Saturated condition

Fig. 6. Conceptual schematic of state surfaces and swelling walls.

2.2.3. Effect of montmorillonite content on NCL of saturated
bentonite

Kobayashi et al. (2011) examined several factors that
influence the NCL of bentonite, such as the types of inter-
layer cation and the montmorillonite content, and pointed
out the importance of the montmorillonite content in
determining the consolidation characteristics of bentonite.
Based on the study by Kobayashi et al. (2011), the mont-
morillonite content is used here as a material parameter
to characterize the location of the normal consolidation
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line in the e — Inp’ plane at a saturated state for various
bentonite materials.

Fig. 7 shows the results of oedometer tests on saturated
bentonite material with various montmorillonite contents
conducted by Takaji and Suzuki (1999), Ishikawa et al.
(1997), Sasakura et al. (2002), and Ishibashi et al. (2011).
It can be seen from this figure that the smaller the montmo-
rillonite content, the lower the position of the normal con-
solidation line will be. In order to specify the location of
each normal consolidation line, the values of the vertical
effective stress corresponding to the void ratio of 0.65 are
plotted against the montmorillonite content in Fig. 8
together with a fitting curve determined by the least squares
method, as the following formula:

0| _oes = 0.14exp(0.060,0, 20
e=0.65

where ¢’|,_, ¢5: vertical effective stress (in MPa) correspond-
ing to the void ratio of 0.65 and «,,,,: montmorillonite con-
tent (%). The void ratio of 0.65, which is almost equivalent
to the dry density of 1.6 Mg/m?, is selected on the grounds
that this value is a candidate for dry density in the design of
bentonite buffers suggested by the Japan Nuclear Cycle
Development Institute (2000).

Here, it is assumed that the NCL for saturated bentonite
can be described by

/

e=er—AlnL (21)

/

pref

where e,.s: reference void ratio and p), ,: reference stress in
terms of the mean effective stress (MPa). According to the
experimental data obtained by Sasakura et al. (2003), the

—V— & non=33% Takaji et al., 1999

—&— o . =48% Ishikawa et al., 1997
—L— « ,,,,=57% Sasakura et al., 2002
—A— « ,=57% Sasakura et al., 2002
—O— & non=57% Ishibashi et al., 2011
—0— o .,,=71% Ishibashi et al., 2011
—2— @, =80% Ishibashi et al., 2011

Void ratio

02 L L
05 1 5 10

Vertical effective stress (MPa)

Fig. 7. Results of oedometer tests on saturated bentonite with various
montmorillonite contents.
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Fig. 8. Relationship between montmorillonite content and vertical stress
at void ratio of 0.65.

coefficient of earth pressure at rest remains at almost 1.0
under the normal compression process. It is therefore
assumed that effective vertical stress ¢/, in Figs. 7 and 8§,

v

is equal to mean effective stress p’. Reference void ratio
err and reference stress p;, . in Eq. (21) can be expressed as

ere = 0.65 (22)
Proy = 0.14exp(0.06,,,) (23)

Fig. 9 shows a conceptual schematic of the compression
and swelling characteristics in the proposed model.

2.3. Incremental form of elasto-plastic stress-strain relation

The increment in the elastic volumetric strain can be
written as

B = — (24)

Swellingline -

ref

=Pt |

0 , - Inp’
p ref Psat éD sat ap sat
. S—

Fig. 9. Conceptual schematic of compression and expansion characteris-
tics in proposed model.
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By substituting Eq. (13) together with Egs. (8) and (19)
into Eq. (24), the isotropic part of the incremental stress-
strain relation under the elastic condition can be developed as

P =K +Ks,S, (25)

where elastic moduli K and K, are, respectively, expressed
as

ke (26)
Ko — (Ko — Kyar)S,
(10 — icm,)lSé’1 ln% — [0 = (150 — Kar)S' (1 = S )”71 Ina )
KSg — sai ; p

Ko — (Ko — Kar)S,

(27)

The following nonlinear and hypo-elastic constitutive
relation, which contains Eq. (25), is applied in this study:

6 =C°: ¢ +KS.1 (28)

noting that

C°=K1®1+2GA (29)
C3(1-2v)

o= 2(1+v) (30)

A:I—%I@I (31)

where G: elastic shear modulus; v': effective Poisson’s ratio;
and I: fourth order identity tensor.

The yield function of the proposed model can be
expressed as

Gl GO, +pl-y (32)

GlaSm ;a =
f( p l) 1"_@0 Cpsm p

It is noted that dilatancy coefficient D is also a function
of the degree of saturation via Eq. (10). In order to derive
the incremental elasto-plastic stress-strain relation, the con-
sistency condition of Eq. (32) is applied as

o / _ 8f Y 8f f _
f(O' 7S€7psat) - 86, Y aS S + a5 8 / sar - 0 (33)
where the differential operators can be obtained as follows:
of MD q 3D
- = 1 - 1+-— 4
de'  3p [ (.D’M )] T2 G4
Of _ (0~ k) 1S, [, I L4
oS, 1 +ep Poexpl(l —S.)" Ina) * pM
A= Ko + (KO - Ksar)Si n—1
T 1o (1-S8.)" nlna (35)

MD
8—{ =—— (36)
R

The hardening law can be characterized in a similar
form to the Se-hardening model as
P _ &

Pl MD

(37)

It is assumed here that the increment in plastic strain &”
can be determined by the associated flow rule.

(38)

where y: plastic multiplier. Based on the assumption that

the increment in strain is decomposed into elastic and

plastic components, the strain increment can be repre-

sented as

e=¢+¢ (39)
The substitution of Eqgs. (38) and (39) into Eq. (28)

yields

& =C: (s — y%) + K5, S.1 (40)

Plastic multiplier y can be obtained by substituting
Eq. (40) into the consistency condition of Eq. (33) as

L C e LKy, + 2] S,

y="1 U e, D (41)
o({' C b+

where

8—f=M{){1— q] (42)

o p M

substituting Eq. (41) into Eq. (40), the incremental form of
the elasto-plastic stress-strain relation can be formulated as

e Of o0 . e
o [CQ_C A Q. C

%:CE:F"—C+8—J‘;
Ce,_(()fKS LU

e BSE

Sy e ) — K518, (43)
oo’

D€ —

In the simulations carried out in the next chapter,
Eq. (43) will be solved simultaneously with the soil-water
retention characteristic model by imposing the prescribed
conditions. The loading condition in each step will be
judged by the sign of the plastic multiplier.

3. Performance of proposed constitutive model

In order to verify the proposed constitutive model,
swelling volume and swelling pressure tests have been sim-
ulated. The swelling volume test measures the volume
changes of the bentonite, whereby the bentonite is allowed
to absorb water under a constant confining pressure. In
contrast, the swelling pressure test ascertains the pressure
developing in the bentonite due to water absorption under
a constant volume condition. These tests should be treated
as boundary value problems rather than element-wise tests
because bentonite samples typically exhibit heterogeneous
distributions of density and degree-of-saturation during
the tests. However, the samples used in these experiments
are sufficiently small. Hence, the present study reasonably
assumes that the sample keeps its uniformity and that the
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state at all stages of swelling is isotropic. The present study
conducts the simulations by using the constitutive relation
in order to verify its capability to predict the swelling
behavior of bentonite. In these simulations, the soil-water
retention characteristic curve (SWRCC) model proposed
by Kawali et al. (2002) is applied; it incorporates the logistic
curve formula derived by Sugii and Uno (1996).
The logistic curve is formulated as

S, =S+ (Siy — Sw)/(1 + 5" expA) (44)

In the SWRCC model, parameters 4 and B are input
individually for each of the wetting and drying processes
from the current state: s = s* and S, = S7. Thus, the lower
limit of degree of saturation S,, for the wetting curve and
the upper limit of degree of saturation S,, for the drying
curve are, respectively, determined as follows:

A=4"B=B"S,;=10, and

S, — S: (1458 expA)—S,/
ra — B expA

} for the wetting curve

(45)

A=4°B=B" S, =S,, and

for the drying curve
Sy =8+ (S —5)(1+5FexpA)

(46)

3.1. Simulation of swelling volume tests

Simulations of the swelling volume tests on the ben-
tonite material with the montmorillonite content of 48%
are carried out in order to verify the responses from two
types of initial conditions, namely, the normally consoli-
dated state (Case 1) and the over-consolidated state (Case
2), while both cases assume the same initial values for suc-
tion and the degree of saturation. Tables 2 and 3 summa-
rize the initial conditions and the material parameters,
respectively, used in the simulations. Fig. 10 shows the
soil-water retention curves applied in the simulation. The
values for g, a, n, [, and the parameters in the SWRCC
model are all assumed. Actually, while the behavior of
the bentonite under the unsaturated condition can be mod-
eled from the viewpoints of unsaturated soil mechanics and
careful analyses of the reliable but limited experimental
data, it is next to impossible to explicitly determine the
parameters related to the unsaturated condition since it is
somewhat difficult even to measure the matric suction of
the bentonite with a relatively lower degree of saturation.

Table 2
Initial conditions for simulation of swelling volume tests.
Case 1 Case 2

Initial total mean stress (MPa) 4.41 4.41
Initial effective mean stress (MPa) 4.89 4.89
Initial void ratio 0.78 0.49
Initial degree of saturation 0.50 0.50
Initial suction (MPa) 1.09 1.09

Table 3

Material parameters used in simulation.

Compression index, 4 0.14
Swelling index at S, = 0, xo 0.01
Montmorillonite content, o,,,, (%) 48
Specific gravity, G 2.79
Fitting parameter, / 10
Se-hardening model parameter, a 20
Se-hardening model parameter, n 1
Parameter for SWRCC, 4" (for kPa) —11
Parameter for SWRCC, B" 1.6
Parameter for SWRCC, 4° (for kPa) -37
Parameter for SWRCC, B” 4.2
Residual degree of saturation, S,y 0.1
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Fig. 10. Soil-water retention characteristic curves.

Therefore, this kind of parameter should be estimated
through the inverse analyses of boundary value problems,
such as one-dimensional infiltration tests, static com-
paction tests, and swelling tests. However, it is noted that
the primary motivation for this simulation is to examine
the functions of the proposed model for expressing the typ-
ical swelling behavior of bentonite. Determining the
parameters and comparing the numerical and the experi-
ment results are research tasks for future studies.

Fig. 11 shows the changes in void ratio, effective mean
stress, and suction stress for Cases 1 and 2 with a mono-
tonic increase in the degree of saturation. In both cases,
the total mean stress is set to be constant and the suction
changes along the same wetting curve from the same initial
point. In Case 1, the void ratio decreases with an increase
in the degree of saturation, whereas the void ratio increases
in Case 2. This difference between Cases 1 and 2 is caused
by the balance of plastic compression and elastic expan-
sion. In Case 1, the plastic compression is dominant,
whereas the elastic expansion is dominant in Case 2.
Although this tendency can be originally predicted by the
Se-hardening model, the large elastic expansion with a
decrease in the effective mean stress in Case 2 occurs due
to the increase in swelling index, as modeled in this study.
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Fig. 12 shows the relationship between the void ratio
and the total stress, while Fig. 13 shows the relationship
between the void ratio and the effective stress. These figures
illustrate that the void ratio in both Cases 1 and 2 reaches
the same point at the saturated state in spite of the initial
void ratio being different. Cui et al. (2004, 2006) carried
out a series of swelling volume tests and suggested the exis-
tence of a unique relationship between the void ratio and
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Fig. 13. Relationship between void ratio and effective mean stress in
swelling process.
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Fig. 14. NCL at saturated state applied in simulations of swelling pressure
tests.

the confining pressure at the saturated state. This implies
that the looser and unsaturated bentonite initially above
the correlation line, between the confining pressure and
the void ratio, contracts due to water infiltration, while
the denser and unsaturated bentonite below the correlation
line expands. The model proposed in the present study can
express such typical behavior, as suggested by Cui et al.
(2004, 2006).

3.2. Simulation of swelling pressure test

The responses of swelling pressure tests on two materials,
namely, KuniGel V1 and a KuniGel V1-silica sand mixture
at a ratio of 7:3, were simulated. The input parameters are
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Table 4
Analysis cases.

Casel Case2 Case3 Case4
Initial effective mean stress (MPa)  0.47 0.47 0.47 0.47

Initial total mean stress (MPa) 0 0 0 0

Initial void ratio 0.80 0.70 0.60 0.50
Initial degree of saturation 0.70 0.70 0.70 0.70
Initial suction (MPa) 0.70 0.70 0.70 0.70

the same as those shown in Table 3, except for montmoril-
lonite content of the KuniGel Vl-silica sand mixture of
33.6%. It is noted that the calculated value for the swelling
pressure at the saturation state is independent of the
SWRCC and the values of ky, a, n, and [ because the effec-
tive mean stress reaches the nearby NCL when saturated
(see Fig. 6). The NCL assumed in this simulation is shown
in Fig. 14. Table 4 shows the analysis cases. Four cases were
simulated by setting different values for the void ratio.
Fig. 15(a) and (b) show changes in the total stress, the effec-
tive stress, and the suction stress with an increase in the
degree of saturation. As the initial total stress is set to zero,
it is appropriate to regard the total stress in Fig. 15
(a) and (b) as the swelling pressure. It can be seen from these
figures that the swelling pressure increases monotonously
with an increase in the degree of saturation. Moreover, in
cases with smaller void ratios, higher swelling pressures
are calculated. For the same void ratio, the silica sand mix-
ture provides a lower swelling pressure than KuniGel V1.
Fig. 16 shows the relationship between the void ratio and
the effective mean stress for Case 4 in the simulation of
the swelling pressure test on KuniGel V1. The initial point
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Fig. 16. Relationship between void ratio and effective mean stress of Case
4 in simulations of swelling pressure tests on KuniGel V1.

exists on the swelling line at Sr = 0.7. The void ratio is con-
stant at the value of 0.5 during swelling and the effective
mean stress is increased in accordance with the approach
of the swelling index to the compression index due to satu-
ration, as defined in Eq. (19). The saturation point reaches
the vicinity of the NCL at Sr = 1.0. Fig. 17(a) and (b) show
the relationship between swelling pressure and the dry
density at the saturated state, as well as the results of the
swelling pressure test on KuniGel V1 and the silica sand mix-
ture conducted by Suzuki and Fujita (1999). The calculated
swelling pressure at the saturated state tends to increase with
the increase in dry density and is in satisfactory agreement
with the test results from Suzuki and Fujita (1999). However,
in some cases, the proposed model slightly overestimated the

L)

ACasel

1 Casel

<
> o

Casel,2,3,4

<
~

e
o
T

Suction stress (MPa) Effective mean stress (MPa) Total mean stress (MPa)

==}
2 7

1 1 n
0.8 0.9 1
Degree of saturation
(b) Silica sand mixture

Fig. 15. Changes in total mean stress, effective mean stress, and suction stress calculated in simulations of swelling pressure tests.
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data. The experimental data show the variability in the swel-
ling pressure even if the dry density is the same. It is neces-
sary, therefore, to give further consideration from the
viewpoint of boundary value problems.

4. Conclusion

It is necessary to develop a reliable constitutive model to
assess the safety and mechanical stability of repositories over
a long period of time. In this paper, therefore, a new consti-
tutive model has been proposed to predict the mechanical
behavior of unsaturated and saturated bentonite. The find-
ings of the present study are summarized below:

e In the proposed model, the swelling index and the dila-
rancy coefficient in the Cam-clay model or the Se-
hardening model have been formulated as a function
of the degree-of-saturation.

e The model is applicable to bentonite materials with var-
ious values of montmorillonite content because the
montmorillonite content is used as a material parameter.

e In order to verify the capability of the model to express the
swelling behavior of unsaturated bentonite, simulations of
swelling volume tests were performed. The simulation
results showed that the model could satisfactorily express
the collapse behavior of the initially looser bentonite and
the volume expansion of the initially dense one.

e An element simulation of swelling pressure tests was
performed. The simulation results were in agreement
with the test results for two bentonite materials, namely,
KuniGel V1 and a KuniGel Vl-silica sand mixture.
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