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ABSTRACT: A constitutive model is proposed to simulate the behaviour of bonded geomaterials. The bound-
ing surface plasticity framework with a non-associated flow rule is adopted and extended to account for the
strength degradation due to the breakage of inter-particle bonds. The effects of the inter-particle bonds on the
compressive and tensile strength of geomaterials are considered through the bounding surface and dilatancy
law of the proposed model. A plastic cementation index is included in the model to capture the degradation
process by controlling the size of the bounding surface. The destruction of the bonds is included in the hard-
ening modules allowing for a smooth transition of the response from bonded to unbonded states. The model
can simulate the volume change behaviour and softening response of both reconstituted and bonded geo-
materials. To demonstrate the capability of the model, several laboratory tests are simulated, and their corre-
sponding results are compared with the measured experimental data.

1 INTRODUCTION

For porous media without inter-particle bonds, the
initial porosity and applied stress are the main state
variables for tracing and predicting the mechanical
behaviour. In the presence of inter-particle bonds,
however, the material can withstand a relatively
higher pressure before exhibiting bond breakage and
strength  degradation behaviour (Leroueil &
Vaughan 1990). Quantification of the effect of such
inter-particle bonds and the associated destruction
rate is of particular importance in evaluating the
strength of bonded geomaterials.

Bonded geomaterials cover a large area of shal-
low stratum, which includes cemented soils, weak
rocks and structural soils. The phenomenological
constitutive models based on the theory of plasticity
has gained noticeable attention for predicting the be-
haviour of the bonded geomaterials. In the classical
theory of plasticity, the effect of inter-particle bond-
ing is portrayed through the enlargement of the yield
surface (Muir Wood 1995, Liu & Carter 2002,
Asaoka et al. 2000) and inclusion of a tensile
strength (Gens 1993, Lagioia & Nova 1995,
Rouainia & Muir Wood 2000, Yu et al. 2007, Yan
& L1 2010, Nova et al. 2003, Kavvadas & Amorosi
2000). The destruction process in these models are
triggered either by the accumulation of the plastic
strain (Lagioia & Nova 1995, Asaoka et al. 2000,
Rouainia & Muir Wood 2000, Kavvadas & Amo-
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rosi 2000, Yu et al. 2007, Yan & Li 2010) or at-
tainment of a specified stress level (Liu & Carter
2002, Horpibulsuk et al. 2010, Nguyen et al. 2014),
while few models incorporated simultaneous effect
of the stress and strain tensors in degradation phe-
nomenon (Lade & Kim 1995, Yasin & Tatsuoka
2000). The conventional elasto-plastic framework
with a single yield surface have been typically
adopted for the constitutive modellings of bonded
geomaterials, rendering them wunable to capture
debonding process below the yield level. To address
this shortcoming, a few models based on the bound-
ing surface plasticity framework have been, so far,
proposed to predict the destruction phenomenon in
geomaterials (Suebsuk et al., Liu 2010, Chen et al.
2014). However, these models are based on the as-
sumption that bond degradation is triggered at some
threshold plastic strain or stress magnitude, while it
has been noted that in fact, the simultaneous effects
of state variables result in the destruction process
(Lade 1995, Xiao et al. 2016).

This paper presents an advanced plasticity model
based on the bounding surface plasticity framework
to simulate the behaviour of bonded geomaterials.
The strength increase in the materials due to the
presence of the inter-particle bonds is captured by
adjusting the size of the bounding and plastic poten-
tial surfaces. The evolution of these surfaces is
linked to the accumulation of the plastic volumetric
strain and a cementation index describing the irre-
versible destruction process. The model reduces to



the bounding surface plasticity model previously
proposed for unbounded materials (Khalili et al.
2005, Kan et al. 2014) when the strength effects of
the bonds vanish. The performance of the model is
demonstrated through the simulation of a set of ex-
perimental data from the literature.

2 THE BOUNDING, LOADING AND PLASTIC
POTENTIAL SURFACES

The locus of all possible stress states in a material is
enclosed by a bounding surface on which the behav-
ior of the material is dominantly plastic. In the
bounding surface plasticity formulation, the distance
between the stress point, 6’, and an image point on
the bounding surface, @', is exploited to obtain the
hardening modules. In unbonded geomaterials, the
shape of the bounding surface can be estimated from
their undrained response in the loosest state. For
bonded geomaterials, the shape of the bounding sur-
face should, however, account for the additional
compressive and tensile strengths due to the pres-
ence of the bonds. According to the bounding sur-
face plasticity framework, the current stress state
should always lie on a loading surface which is ho-
mologous to the bounding surface about a centre of
homology. To fulfil this requirement, a shape similar
to the one assumed for the bounding surface, is se-
lected for the loading surface. The stress point corre-
sponding to tensile strength of the material is select-
ed as the centre of homology, and the radial
mapping rule is performed to locate an image point
on the bounding surface, as depicted in Figure la.
The following analytical functions are assumed for
the loading and bounding surfaces
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where p”.q and @ are the modified mean effec-
tive stress, deviatoric stress and Lode angle, respec-
tively. p”,g and @ are the similar quantities at
the image point on the bounding surface. N and R
are two material parameters controlling the shape of
the loading and bounding surfaces. p’ is the harden-

ing parameter. The modified mean effective stresses
and hardening parameter are defined as follows,
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where p. is the strength variable representing the
contribution of the fully debonded material, while
p, and p/ are the strength variables associated
with the effect of inter-granular bonds, as depicted in
Figure 1b. M (0 is the slope of the critical state
line (CSL) in the stress space defined as (Sheng et
al. 2000)
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in which a=M__ /M . with M and M . be-

ing the slope of the CSL at triaxial compression and
extension, respectively. The slope of the CSL in ex-
tension is linked to its corresponding slope in com-
pression through M . =3M,_ /M, +3). If the
strength parameters associated with inter-particle
bonds are vanished, the destructed bounding surface
is obtained (see Figure 1b).

To characterize the volume change behaviour of
bonded geomaterials, a generalized form of the
Row’s dilatancy law including the effect of tensile
strength of the bonded materials is proposed
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where d is the dilatancy, Ae? and Ag) are the rates

of volumetric and deviatoric strains, respectively,
and A is a material parameter. By integrating the di-
latancy law with respect to stress, the plastic poten-
tial function is obtained,
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where po is a dummy parameter since only the deri-
vates of g appear in the model.
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Figure 1. a) The bounding surface and loading surface for
bonded geomaterials; b) the contribution of various strength

parameters in the shape of the bounding surface.

3 THE EVOLUTION OF CHARACTERISTIC
SURFACES

The size of the bounding surface is defined as a
function of the hardening parameter. For bonded ge-
omaterials, the evolution of the hardening parameter
is associated with the variation of both plastic volu-
metric strain &y and a plastic cementation index /...

The latter accounts for the contribution of the inter-
particle bonds, while the former includes the effects
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of frictional contacts between grains. On the bound-
ing surface, the consistency condition can be written

as
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It is assumed that destruction of the bonds occurs by
the increase of the stress magnitude and accumula-
tion of the plastic strain, which can be quantified by
an index related to the plastic work. Therefore, the
following relation is proposed for the rate of the
plastic cementation index

dl, = p.(1=1.)@dw"/ p)) (8)

where p_ is a dimensionless positive material pa-

rameter controlling the rate of strength degradation
in bonded geomaterials, p; is a reference pressure

and dw” is the increment of plastic work expressed
as

anw’ = |p'Ae§|+|qu;’|
)

Integrating equation (8) with respect to the plastic
work shows that /, is zero for the bonded materials
before any destruction occurs, and it reaches a unit
value once all the bonds are broken. The response of
the bonded material subject to isotropic loading can
determine the evolution of P, and p/ , and therefore
the hardening parameter. According to the critical
state soil mechanics, the response of the fully
debonded material follows a straight line (LICL) in
v—In p'where U is the specific volume at the cur-
rent stress. This line, which can be quantified by the
intersection at the reference pressure of 1 kPa, N, ,
and the slope 4, serves as the ultimate state of the
bonded material when all the bonds are destructed.
To this end, evolutions of strength variables (P, p.
and p)) with respect to 7, and gl are assumed as
follows,
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where x is the slope of unloading-reloading curve
in the v—In p’ plane. Substituting equations (8) to
(10) in the consistency condition (equation (7)) and
utilizing equation (5), the hardening modules on the
bounding surface can be obtained as,
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In accordance with the usual approach in the
bounding surface plasticity, the plastic hardening
module is assumed to comprise two terms

h=h,+h, (16)

h, is the hardening modulus at the current stress

point, which is required to be zero on the bounding
surface and infinity at the centre of homology. In the

current study, the following analytical function is as-
sumed for A P

vp” | P
=—&£ | 11k - (17)
where #n=¢/p"” is the stress ratio and

n,=(1-2@w-v,))M, () p./ p.is the slope of peak
strength line. &k, is a material parameter controlling
the hardening modulus and v, is the specific vol-
ume on the CSL corresponding to the current state.
The CSL line is defined parallel to the LICL with a
constant shift in v—In p’ plane along the recom-
pression line. The intersection of the CSL at the ref-
erence pressure of 1 kPa is denoted by I'.

To obtain the elasto-plastic stiffness tensor, elas-
tic behaviour of the material must also be included.
In this study, a bond-independent elastic behaviour
is assumed through the following bulk and shear
modulus,
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where V is the Poisson’s ratio.

4 MODEL EVALUATION

Burland et al. (1996) conducted a series of conven-
tional laboratory tests on stiff Pietrafitta clay to in-
vestigate its elastoplastic behaviour. Both intact and
reconstituted samples of Pietrafitta clay were tested
in oedometer and triaxial apparatus, in both drained
and undrained conditions, to investigate the effect of
micro-structure on the response of the natural clay.
The basic material parameters of the model, includ-
ing those related to the LICL and CSL in the stress
space, are found based on the response of the recon-
stituted material. Typical values are adopted for the
parameters related to the elastic properties of the
clay. The parameters related to the bond’s strength
are determined by comparing the yield surfaces of
the intact and reconstituted clays obtained in triaxial
tests. The complete list of the material parameters
adopted in the simulations are given in Table 1.

Table 1. The mechanical properties of Pietrafitta clay

K Y Myax N
0.031 0.25 1.13 4
R A Km )
3 2 4 0.227
I’ pm (kPa) pt (kPa) Pe
3.295 900 50 0.004
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The simulated and measured responses of the in-
tact Pietrafitta clay in oedometer test are depicted in
Figure 2a. It is seen from the results that the initial
structure of the natural clay breaks as the stress in-
creases, and the response of the reconstituted sample
can be recovered at a large vertical stress. As can be
seen from Figure 2a, the model proposed in this
study satisfactorily represents the experimental re-
sults.
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Figure 2. The predicated and measured behaviour of Pietrafitta
clay subject to a) one-dimensional consolidation test, b) un-
drained triaxial tests.

The response of the Pietrafitta clay under un-
drained triaxial tests is also studied. A number of
saturated clay samples with various effective confin-
ing pressures were prepared and tested in triaxial
tests by Burland et al. (1996). The effective stress
path obtained from the experiment data along with
the corresponding simulations are depicted in Figure
2b. From both experimental and simulated results, it
is clear that compared to the ultimate strength pre-
dicted by the CSL, higher peak stresses are obtained
for natural clays. The post-peak softening behaviour
is mainly due to the breakage of inter-particle bonds.
The stress-stain behaviour and pore water pressure
change of the samples are shown in Figure 3. By in-
creasing the confining pressure, increase in the shear
strength of the clay samples was observed in the ex-
periments and satisfactorily predicted by the model
proposed. From the results of pore water pressure
change with respect to axial strain, it is seen that the
tendency of the sample for dilatant behaviour in-
creases as the confining pressure decreases. This is
represented by the reduction of pore water pressure
in the experimental data as the confining stress de-
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creases, which is satisfactorily captured in the mod-
el. The difference between the predicted and meas-
ured response can be attributed to the localized be-
havior observed in the experimental data at low
confining pressures. Such localized behavior cannot
be captured by the constitutive model implemented
at the scale of a single element.
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Figure 3. The predicated and measured behaviour of Pietrafitta

clay obtained from undrained triaxial tests.

5 CONCLUSION

A constitutive model on the premise of the bounding
surface plasticity formulation was proposed to simu-
late the response of the bonded geomaterials. The
mathematical framework for predicting the response
of the porous media was extended to include the ef-
fect of the inter-granular bonds and the destruction
process due to loading. The extension was achieved
through the modification of the yield surface and di-
latancy law of unbonded materials. The softening
behaviour of bonded geomaterials was captured in
the hardening modules, which accounted for simul-
taneous effects of the stress magnitude and plastic
strain in the debonding process. The response of
several samples of stiff clays subject to both one-



dimensional compression and undrained shearing
was simulated and compared to the experimental da-
ta. It was shown that the model can satisfactorily
capture the increase in the strength of the stiff clays
due to the bond effects, and the subsequent softening
behaviour due to bond breakage. The undrained
shear response of the clay samples under a range of
confining pressures were also studied. It was shown
that the proposed model can successfully predict the
experimentally observed higher peak shear strengths
in natural clay samples, compared to the reconstitut-
ed samples. The advantage of the proposed model is
that it can capture a smooth bond breakage behavior
by using reasonably low number of material parame-
ters, all of which can be identified through standard
laboratory tests.
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