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Abstract Cementations formed in geological timescale are
observed in various stiff clays. A micromechanical stress
strain model is developed for modeling the effect of cemen-
tation on the deformation behavior of stiff clay. The pro-
posed approach considers explicitly cementations at inter-
cluster contacts, which is different from conventional model.
The concept of inter-cluster bonding is introduced to account
for an additional cohesion in shear sliding and a higher yield
stress in normal compression. A damage law for inter-cluster
bonding is proposed at cluster contacts for the debonding
process during mechanical loading. The model is used to
simulate numerous stress-path tests on Vallericca stiff clay.
The applicability of the present model is evaluated through
comparisons between the predicted and the measured results.
In order to explain the stress-induced anisotropy arising from
externally applied load, the evolution of local stresses and lo-
cal strains at inter-cluster planes are discussed.
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1 Introduction

Mechanical behavior of stiff clay has been widely studied
experimentally during last decades [1–9]. In general, the re-
constituted clay was used as a reference for interpreting the
behavior of natural soil. The observed differences were at-
tributed to structure, defined as the combination of particle
arrangement (fabric) and inter-particle bonding.

Microstructure investigations on several stiff clays were
reported in the literature. Different from soft structured clay
(with bigger void ratio than reconstituted sample), stiff clays
have soil structure with small void between clusters (smaller
void ratio than reconstituted sample). In addition to the for-
mation of particle arrangement, carbonates were also found
within a matrix of stiff clay. For instance, there is about
26.5% of carbonate content in Todi clay [2], 22% in Pappadai
clay [3], 25% – 40% in stiff Pleistocene clay [6], 20% in stiff
North Sea clay [8], 30% in Vallericca clay [9]. These carbon-
ates were found to be extremely fine and possibly to be re-
sponsible for inter-particle or inter-cluster (aggregate of par-
ticles) bonding, as indicated by researchers [2, 3, 6, 8–10].
This bonding might be formed during clay deposition his-
tory on a geological timescale. Experimental evidence also
shows a mechanical bond degradation (de-bonding) process
during applied mechanical loading. This bond degradation is
an irreversible phenomenon that, experimentally, appears to
be controlled by plastic strain accumulation [10].

The behavior of stiff clay was modeled by conventional
elasto-plastic models [11–14]. In these approaches, the ma-
terial structure, including fabric and bonding, was accounted
for by the initial size of yield surface in a stress space. A
damage-type mechanism was introduced which permits re-
duction of the size of the yield surface due to bond degra-
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dation. However, the bonding and debonding at the inter-
cluster contact level has not been explicitly considered in
these models.

In order to tackle this issue, the micromechanics ap-
proach [15–17] is adopted here. In this approach, the clay
is regarded as an assembly of clusters (aggregates of clay
particles). The deformation of an assembly can be obtained
by integrating the movement of the inter-cluster contacts in
all orientations. Thus, the effect of inter-cluster bonding can
be explicitly represented by adopting the general assump-
tion of presence of inter-cluster bonding. Since the orienta-
tion dependent properties of soil are explicitly represented,
the induced anisotropy can be modeled in a more direct
way [16,17]. Therefore, the proposed approach is of more
physical significance than conventional one.

In this paper, the destructuring behavior of stiff clays
is first described. Based on this, we extend the microme-
chanical model [15] by introducing inter-cluster bonding and
debonding at the contact plane level: the inter-cluster bond-
ing increases both the shear strength and normal compres-
sion strength, and an inter-cluster debonding model is used to
describe the bond degradation process subjected to mechani-
cal loading. The model is then employed to simulate triaxial
tests with various stress paths on stiff Vallericca clay for ver-
ification of this approach. The evolution of local stresses and
local strains at inter-cluster planes due to externally applied
load are also discussed which demonstrates different behav-
iors of contact planes with various orientations. The overall

applicability of the present model is evaluated based on the
comparison between measured and predicted results.

2 Experimental investigation

2.1 Bonding and debonding effect on compression behavior

Figure 1 shows the compression curves ine–σ′v (void ra-
tio versus vertical effective stress) plane from oedometer
tests on both intact and reconstituted samples of four stiff

clays [2]. It can be concluded from comparing the results of
intact samples with those of reconstituted samples that the
inter-cluster bonding due to cementation results in a signifi-
cant increase of compression yield stress.

For compression behavior, when the applied loads
reach the yield stress, a mechanical bond degradation pro-
cess is initiated (see Fig. 1). The inter-cluster bonds are
progressively lost, and the rate of debonding is different for
different types of clay (e.g., rapid degradation in Pietrafitta
clay in Fig. 1a). It needs to be noticed that, even at large
strains and high stress levels during one-dimensional com-
pression, the compression curves do not merged to that of the
reconstituted clay. This indicates that there are still enough
bonds exist for stiff clay. This phenomenon is different from
soft sensitive clay in which the bonds are easily destroyed
so that it behaves as a fully reconstituted material very soon
after the compression load exceeds its yield stress.

Fig. 1 Experimental results of oedometer test on intact and reconstituted samples of stiff clays

2.2 Bonding and debonding effect on shear behavior

Burland et al. [2] plotted peak strengths inp′-q (mean ef-
fective stress versus deviatoric stress) plane for both recon-
stituted and intact samples of four stiff clays. For stiff clays
under over-consolidated condition, the slope of peak strength
of intact samples is generally parallel to and higher than that
of reconstituted samples (see Fig. 2a). This difference of
peak strength between intact and reconstituted samples can

also be found on stiff clays under normally consolidated and
slightly overconsolidated condition, as shown in Fig. 2b for
Pleistocene clay [6], and in Fig. 2c for Vallericca clay [9] etc.
This difference of peak strength is attributed to inter-cluster
bonding.

Upon increase of the applied shear loads, the inter-
cluster bonds are progressively lost. As a result, decrease of
deviatoric stress after peak value takes place for intact sam-
ples of stiff clays, as shown in Figs. 2b and 2c.
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Fig. 2 aPeak strength of intact and reconstituted samples of stiff clay;b, c Effective stress paths from triaxial test on intact and reconstituted
samples of stiff clays

3 Micromechanical stress strain model

Based on the bonding and debonding effect on mechanical
behavior of stiff clay, a micromechanical modeling method
is proposed. The model is extended from the clay model by
Chang et al. [15]. Only the modification to account for the
effect of inter-cluster bonding and debonding is discussed
below.

3.1 Inter-cluster behavior

3.1.1 Shear sliding

In order to take into account the effect of inter-cluster bond-

ing, the plastic law of shear sliding at inter-cluster con-
tacts [15] is modified. The yield function for shear sliding is
assumed to be of Mohr–Coulomb type, defined in a contact-
stress space (e.g.σ, τs, τt defined in Ref. [15], see coordinate
system shown in Fig. 3), as follows

F1(σ, τ, σb,H1) =
τ

σ + σb
− H1(γp), (1)

whereσb is the inter-cluster cohesion due to inter-cluster
bonding, H1(γP) is a hardening/softening function. For a
given value ofσb, the failure lineτ/σ can shift to left with
a distance ofσb, as shown in Fig. 2, which gives the initial
amount of inter-cluster bonds. Forσb = 0, Eq. (1) can be
reduced to that used in Ref. [15].

Fig. 3 Local coordinate at inter-particle contact

The stress dilatancy of stiff clay were reported [3, 8],
which can be described by Taylor’s dilatancy equation. Ac-
cording to these observations, the local dilatancy equation is
assumed in the same form as Taylor’s equation, given by

dεp

dγp
= D(tanφ0 − tanφm), (2)

where tanφm = τ/(σ + σb); D is a material constant for
stress dilatancy. In Eq. (2), the tanφ0 also represents the
slope of the phase transformation line [18], at which the plas-
tic volumetric strain rate is zero.

The degradation of inter-cluster bonds can be modeled
as a damage of the bonded contacts. Therefore, a damage
law was introduced in the expression of the inter-cluster co-
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hesion, expressed as

σb = σb0 exp(−ξdγp), (3)

whereσb0 is the initial inter-cluster cohesion;ξd is the fac-
tor of damage representing the influence of the tangential
displacement in the damage law. Therefore, during loading
each contact produces a progressive damage of cohesion.

3.1.2 Normal compression

In order to account for inter-cluster bonding effect on the
compression behavior of stiff clay, the second plastic law for
normal compression of inter-cluster contact [15] is modefied
as

F2(σ,σp) = σ − σp, (4)

where the compression yield stressσp = σpi(1+ χ) is de-
fined; σpi is the intrinsic compression yield stress corre-
sponding to the intersection point between compression lines
of intact and reconstituted samples;χ is the bonding ratio de-
fined byχ = σp/σpi − 1.

The hardening function forσpi is defined as

σpi = σpi0 exp
(
εp

cp

)
, (5)

wherecp is the compression index for the compression curve
plotted onεp − logσ plane.

Therefore, the difference between Eq. (4) in the revised
model and the original model [15] lies in introducing the
inter-cluster bonding byχ for normal compression behav-
ior, as shown in Fig. 1. If the inter-cluster bonding is given
by χ = 0, Eq. (4) can be reduced to original model [15].

A damage law was introduced in the expression of
bonding ratio at inter-cluster level, expressed as follows

χ = χ0 exp(−ξnεp), (6)

whereχ0 is the initial bonding ratio;ξn is the factor of dam-
age representing the influence of normal displacement in the
damage law. Therefore, during loading each contact pro-
duces a progressive damage of bonding ratio. Forχ0 = 0,
the equation can be reduced to that used in Ref. [15].

3.1.3 Influence of density state on the phase transformation
angleφ0

Burland et al. [2] reported results of drained and undrained
triaxial tests on reconstituted and intact samples of stiff clays.
For over-consolidated samples, the clay dilates starting from
a stress ratio (phase transformation line) much lower than
the critical state line from reconstituted samples. Based on
this fact, in this approach, we propose that the local phase
transformation line tanφ0 depends not only on the internal
friction angleφµ, but also on the density state, expressed as

tanφ0 =

(ec

e

)−m

tanφµ, (7)

wherem is a material constant to control the slope of phase

transformation line. The same value ofm as that for resis-
tance shown in Ref. [15] is used for simplification. This
relationship allows a dense packing to dilate at earlier stage
of shear loading.

Note that one of important elements to consider in gran-
ular modeling is the concept of critical state, thus the influ-
ences of interlocking and rolling friction of interparticles on
the mechanical behavior of the assembly can be dealed with
by introducing this concept using Eq. (7) and Eq. (18).

3.2 Determination of model parameters

The model involves the following parameters which can be
determined from two isotropic orK0 compression tests (one
for intact sample, the other for reconstituted sample) com-
bined with one undrained compression test:

(1) Contact number per unit volumeN/V and mean
cluster sized

The mean sized of the clay clusters was assumed to be
4µm [15], and the value ofN/V = 12/[πd3(1 + e)e] is ob-
tained using sized and void ratioe. Thus, no input is needed.

(2) Inter-cluster elastic constants:kn0, krR andn
The exponentn = 1 is generally assumed to obtain a

linear rebound line ine–lg p′ plane.krR = 0.5 can be gener-
ally assumed for clay.kn0 = 9(1+ e0)σat/4κ (the atmosphere
pressureσat = 101.325 kPa) can be calculated by using re-
bound indexκmeasured from the rebound curve of isotropic
compression. Therefore, onlyκ and initial void ratioe0 is
needed as input parameter.

(3) Inter-cluster plastic shear stiffness ratiokpR

According to the hardening rule used for shear sliding,
the kpR determines the curve of shear stress–strain. Thus,
for a given stress–strain curve thekpR can be obtained from
shear stress–strain curve fitting.

(4) Inter-cluster friction angle:φµ andm
Theφµ is assumed equal to the internal friction angle of

the material.m= 1 is generally assumed for clay.
(5) Dilatancy constantD
The parameterD influencing the magnitude of di-

latancy can be determined from undrained stress path or
drained volumetric change behavior.

(6) Inter-cluster plastic normal compression:σpi0, cp,
χ0 andξn

The σpi0 can be measured from intersection point
(σpi0 = ppi0 on global curve ine-log p′ plane) of compres-
sion lines between reconstituted and intact samples. The
χ0 = pp0/ppi0 − 1 can be obtained with compression yield
stresspp0 measured from the compression line of intact sam-
ple. Sincecp = (λ − κ)/3(1+ e0) can be obtained using com-
pression indexλ and rebound indexκ of an assembly of clay
clusters, we useλ as input parameter instead ofcp. Theξn
controls the debonding rate ofχ. Thus, for a given com-
pression curve theξn can be obtained (see discussion later,
Fig. 4).
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Fig. 4 Predicted behavior of one-dimensional compression

(7) Inter-cluster cohesive stress:σb0 andξd
The parametersσb0 and ξd can be obtained by curve

fitting from one undrained triaxial test (see discussion later,
Fig. 5).

(8) Critical state line:ecr0

The ecr0 can be measured from critical state line ine–
lg p′ plane corresponding topref = 100 kPa.

3.3 Model performance for behavior description

The performance of the model is examined under different
conditions using the model constants given in Table 1. First,
a one-dimensional compression test is considered. Model
simulations using different values of damage parameterξn
are shown in Fig. 4. In this figure, the general compression
behavior shown in Fig. 1 can be reproduced. The destruc-
turation process is simulated depending on its destructura-
tion rate which is related to the damage parameterξn. Based

Fig. 5 Predicted behavior of undrained triaxial tests:a, b Effect of initial cohesion;c, d Effect of damage factor; ande, f Coupling effect
of initial cohesion and damage factor



1018 Z.-Y. Yin, et al.

Fig. 5 Predicted behavior of undrained triaxial tests:a, b Effect of initial cohesion;c, d Effect of damage factor; ande, f Coupling effect
of initial cohesion and damage factor (continued)

on this result, different values ofξn can be determined for
different stiff clays.

Table 1 Values of parameters for Vallericca clay

Global parameters Inter-particle parameters

κ λ e0 ecr0 D φ′µ krR kpR σpi0 χ0 ξn σb0 ξd

0.022 0.148 0.84 1.1 1 23◦ 0. 5 0.8 550 1.55 7 600 1

Then an undrained triaxial test on normally consoli-
dated sample was selected for the simulation, as shown in
Figs. 5a and 5b for a givenξd = 1 with different values of
σb0 (200 kPa, 600 kPa and 1 000 kPa), and in Figs. 5c and 5d
for a givenσb0 = 600 kPa with different values ofξd (0.2,
1 and 5). The initial cohesive stressσb0 controls the magni-
tude of peak strength andξd controls the destructuration rate
of cohesive stress for intact clay, as their definitions. Fig-
ures 5e and 5f show coupling effect ofσb0 andξd. Different
values of (σb0, ξd) can be selected to obtain the same stress
level at an axial strain of 10% but with different stress evolu-
tions during straining. According to this suggestion,σb0 and
ξd can be obtained from the measured stress–strain curve of
intact sample.

4 Test simulations

4.1 Review of experimental results

The applicability of the model is investigated by compar-
ing its predictions with the results of a series of laboratory
tests on Vallericca stiff clay [1, 9, 12]. The selected triaxial
tests are distinguished in two types: medium-pressure (MP)

tests for values ofp′max lower than the yield stresspp0 (see
Fig. 6) and high-pressure (HP) tests wherep′max > pp0. In
all selected tests, anisotropic compression and swelling paths
were applied to the natural samples before shearing. Samples
were then sheared or anisotropically swelled back to differ-
ent OCRs prior to shearing.

Fig. 6 Compression curves and critical states for intact and recon-
stituted samples of Vallericca clay

Amorosi and Rampello [9] also gave isotropic com-
pression line and critical state line from tests on reconstituted
samples, as shown in Fig. 6. The critical state line of intact
clay samples is very different from that of reconstituted sam-
ples. This is different from soft sensitive clay which has a
unique critical state line for intact and reconstituted samples.
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4.2 Calibration of model parameters

Isotropic and anisotropic compression tests (see Fig. 6) and
one undrained triaxial test (see MP:OCR = 1 in Fig. 7)
were used to determine parameters. Parametersκ, λ, e0, ecr0,
σpi0, χ0 were measured from Fig. 6 withξn obtained from
destructuration rate (see Fig. 4).φµ = 23◦ was obtained
from triaxial tests on reconstituted samples (see Fig. 2c by
Ref. [2]). kpR = 0.8 was obtained from fitting stress–strain

curve at small strain range where the influence of destruc-
turation is very slight (as shown in Fig. 5).D = 1 was
obtained from fitting the effective stress path of undrained
test. σb0 andξd were obtained from fitting the stress–strain
curve of undrained test (according to the method shown in
Figs. 5e and 5f). All values of parameters are summarized
in Table 1 which will be used to simulate other tests on the
same material.

Fig. 7 Comparison between experimental and simulated results for undrained triaxial tests on Vallericca clay:a, b Effective stress paths;
andc, d Deviatoric stress versus axial strain

4.3 Test simulations and comparisons

For each of the MP and HP tests, the proposed model was
used to simulate the complete sequence of consolidation, re-

bound and shearing stress paths followed by the specimen-
test in the laboratory. In particular, the simulations were
performed under stress-controlled conditions during the con-
solidation and rebound stages of the tests, followed by the
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strain-controlled shearing stage.

Figure 6 shows the comparison between experimental
results and simulations for the anisotropic compression test.
Good agreement is achieved, as respected for parameters de-
termination.

Figure 7 shows the comparisons for all selected
undrained triaxial tests with different OCRs. Figure 8 shows
the prediction for drained triaxial on normally consolidated
clay, for which the effective stress path can be found in Fig. 7.
The volumetric strain behavior of the stiff clay is then exam-
ined. In general, simulated results agree with measured ones,
although discrepancies were found for some of tests which
are probably due to the variation of intact samples since all
tests need 7 individual samples. Also we note that the predic-
tions are not worse than those in Ref. [12]. The model well
captured the trend of destructuring behavior of stiff clay due
to the destructuration process during shearing under various
conditions.

Fig. 8 Comparison between experimental and simulated results for
drained triaxial test on Vallericca clay

5 Micromechanical analysis for induced anisotropy and
debonding

In this section, we investigate the predicted local stress–
strain behavior for selected contact planes with inclined an-
glesθ = 0◦, 18◦, 28◦, 45◦, 55◦, 72◦ and 90◦ (see Fig. 3).
The undrained triaxial tests on sample withOCR= 1 under
high pressure were discussed as an example for the local be-
havior of contact planes. In order to study the stress-induced
anisotropy during undrained shearing, we have selected three
steps: begin of loading, peak deviatoric stress and end of
loading.

Figure 9a shows the local stress paths for all selected
contact orientations. For the 0◦ and 90◦ contact planes, shear
stress is null. The stress state with the highest stress ratio
is on the 55◦ contact plane. Figures 9b and 9c show local
shear stress–strain curves, which clearly indicates that every
contact plane is mobilized to a different degree. The planes
with the largest movements are near the orientation of 55◦

(close toπ/4 + φµ/2 = 56.5◦). These active contact planes
contribute largely to the overall deformation of the specimen.
Among all selected contact planes, only the 55◦ contact plane
behaves local shear strain softening similar to the global one.

The degradation of bonding ratio and degradation of co-
hesive stress for all selected contact planes are plotted versus
global axial strain in Fig. 10. For cohesive stress (Fig. 10a),
most degradation is taken place on the 55◦ contact plane due
to its largest movements. Other contact planes have slight
debonding since their mobilized strains are small. For bond-
ing ratio (Fig. 10b), different contact planes have different
initial bonding ratios due to the debonding during previous
anisotropic compression. During undrained shearing, the 90◦

contact plane has no debonding since there is only unloading
process in normal direction. Among other contact planes,
slight degradation is taken place on the 55◦ contact plane
due to its movements by shear induced dilatancy, and other
contact planes have very slight debonding during the begin-
ning of shearing and stop debonding at certain global strain
levels (from 0.5% to 1.4%).

Fig. 9 Local behavior on selected inter-cluster planes for the selected undrained triaxial test:a Local stress path;b, c Local shear stress
versus shear strain
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Fig. 10 Local debonding on selected inter-particle planes during undrained shearing:a For cohesion;b For bonding ratio

In the present model, the inter-cluster bonding on each
plane are considered as internal state variables, and their evo-
lution can serve to model the behavior change on each indi-
vidual plane, thus the results exhibit naturally the induced
anisotropy of debonding.

6 Conclusions

Cementations formed in geological timescale were observed
in various stiff clays. The bonding and debonding effects
on the stress–strain behavior of stiff clay were investigated.
Based on this, a micromechanical stress–strain approach has
been developed for modeling the behavior of stiff clay. In
this model, the clay cluster is considered as particle. The
model is based on the description of inter-cluster contact law
which requires a simple local stress–strain relation on a con-
tact plane.

The inter-cluster bonding of stiff clay was considered
explicitly in the model at each cluster contact, including
shear cohesive stress giving an amount of cohesion in shear
sliding and normal bonding ratio enlarging the normal yield
stress. Damage laws for inter-cluster bonding were proposed
at each cluster contact for the debonding process during me-
chanical loading. The intensity of the damage was taken as
a function of the local plastic strains of two contacting clus-
ters.

Undrained and drained triaxial tests on Vallericca
stiff clay were simulated to evaluate the present model.
Comparisons between experimental results and simulations
demonstrate the model’s capability of describing correctly
the destructuring behavior of stiff clay including induced
anisotropy.

The predicted behavior of contact planes has been ex-
amined for an undrained triaxial test on sample withOCR=
1. The local stress–strain response on contact planes has

shown that every contact plane is mobilized to a different
degree. A few active contact planes contribute largely to
the deformation of the assembly, while most contact planes
are inactive and have small movement. Therefore, the lo-
cal stresses and strains are highly non-uniform, implying the
development of anisotropy (e.g. distributions of soil prop-
erties: elastic and plastic modulus, bonding) induced by the
externally applied load.
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