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ABSTRACT: This paper presents a constitutive model within the multilaminate framework to describe the monotonic behaviour of
clays. The model can intrinsically capture induced anisotropy of soils. The inherent anisotropy can be considered by applying
independent parameters and state variables over sampling planes. Stress state and void ratio are considered as state variables. The
mechanical behaviour of soil at any direction is a function of a 2-dimensional representation of the void ratio and stress state. A key
feature of the model is its ability to simulate the rotation of principal stresses by automatically activating the sampling planes during
the stress rotation. This capability makes the model suitable for modelling various geotechnical applications, such as the installation of
piles, cone penetration testing (CPT), or the effect of the movement of trains and vehicles on soft embankments. Additionally, the
model incorporates creep and viscosity effects to account for the rate-dependency observed in soft soils under various loading

conditions.
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1 INTRODUCTION

To consider complex behavior of soils under various loading
conditions, there has always been a need for advanced
constitutive models in geotechnical engineering. The
application of these models includes scenarios involving
structures subjected to environmental loads, excavations, and
transportation infrastructures such as roads and railways under
traffic-induced stresses. In particular, clays exhibit several
distinctive behaviors that are critical for realistic numerical
predictions in such applications. These include rate
dependency, induced and inherent anisotropy, principal stress
rotation, and creep.

Among these, inherent anisotropy significantly influences the
mechanical behavior, depending on the angle between the
loading direction and the bedding plane formed during soil
depositions (e.g. Schweiger et al., 2019). Induced anisotropy
also plays an important role in the mechanical behavior of soils,
especially in the application where a significant rotation of
principal axis exists, such as embankments, excavations and
moving loads on roads and railways. The material anisotropy
becomes particularly pronounced at large strain, leading to
variations in strengths, stiffnesses, and dilatancy characteristics
(Schédlich & Schweiger, 2012). Understanding of these factors
is important for improving the accuracy of numerical models
used to address geotechnical challenges in saturated clayey
natural deposits.

The accuracy of material models depends on their
capabilities and the incorporated features. Discovering a single
model able to capture all relevant features is rare. Furthermore,
the addition of features typically increases the number of
material parameters, complicating both the formulation and
calibration processes.

A class of constitutive models which can intrinsically
incorporate induced anisotropy and rotational principal stresses
without excessive mathematical complexity, are formulated
within the multilaminate framework. This framework
establishes a simplified relationship between the microscale and
macroscale mechanical behavior of materials. It is based on the
slip theory of Taylor (1938), which was extended by Batdorf &
Budiansky (1949) and Sanders (1955) for modeling plastic
behavior of metals. Zienkiewicz & Pande (1977) applied this
framework to simulate mechanical behavior of jointed rocks
using a certain number of predefined planes of joints. Later,
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Pande & Sharma (1983) formulated an elasto-plastic model for
clays within this framework, and Sadrnejad & Pande (1989)
applied it to sands.

Wiltafsky (2003) introduced a multilaminate model for
clays within the double hardening framework. Galavi (2007)
extended it to include inherent anisotropy by defining different
strength parameters over sampling planes using a
microstructure tensor proposed by Pietruszczak & Mroz (2000).
Schidlich (2012) further enhanced the model with an
anisotropic small strain formulation to capture both strength
and stiffness anisotropy. However, these models lacked state-
dependency and required separate calibration for different soil
states.

State-dependent multilaminate models for sands were
developed recently in several studies. Dashti et al. (2019)
developed a model based on the bounding surface plasticity of
Dafalias & Manzari (2004). Bayraktaroglu et al. (2024)
developed a novel anisotropic model by implementing the
anisotropic critical state theory of Li & Dafalias (2012) in the
multilaminate framework.

To the best of authors’ knowledge, no state-dependent
multilaminate model has yet been developed for clays. This
study introduces MultiClay, a state-dependent multilaminate
model for clays that captures inherent and induced anisotropy,
rotation of principal stresses, creep and rate-dependency. The
model builds on the DeltaSand model (Galavi, 2021), originally
developed for isotropic sands under monotonic and cyclic
loadings. Like DeltaSand, MultiClay is capable of simulating
cyclic loadings, although this aspect is not addressed here.

A key feature of the model is its ability to simulate the
rotation of principal stresses by automatically activating the
sampling planes during the stress rotation, making it well-suited
for modelling a variety of geotechnical applications, such as
pile installation, cone penetration testing (CPT), excavations,
and the effects of moving traffic on soft embankments.

After describing the formulation of the model, it is
validated against the experimental data of a Kaolin clay
(Wichtmann & Triantafyllidis, 2017).
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2 FORMULATION

2.1  Multilaminate

The multilaminate framework establishes a simplified
relationship between the microscale and macroscale
mechanical behavior of materials. A similar approach, called
microplane framework, was developed by Bazant & Oh (1983)
for modeling behavior of concrete and rocks. The basic
principles and formulations of these two frameworks are
reviewed and discussed in detail in Sanchez et al. (2008). The
main difference between the multilaminate and microplane
models is the projection of macroscopic stress or microscopic
strain to sampling planes. In the multilaminate the macroscopic
stresses are projected to sampling planes to calculate
microscopic plastic strains and update the macroscopic stresses
from the integrated microscopic plastic strains, whereas the
microplane models project macroscopic strains to calculate
microplane stresses to obtain a stress-strain relationship from
integrated microplane stresses.

In the current study, another type of multilaminate
framework is examined, in which the trial macroscopic stresses
are first calculated using elasticity theory and then projected to
sampling planes to obtain elasto-viscoplastic microscopic
stresses. The macroscopic elasto-viscoplastic behavior is then
obtained by the integration of microscopic stresses.

The trial effective stress tensor, 67, is calculated using the
elastic stiffness, D¢, and the increment of strain, de, as follows:

(M

in which @ is the macroscopic effective stress tensor from the
previous calculation step. The trial effective stress tensor is
projected to each sampling plane using the normal unit vector
of planes. The microscopic effective stress on sampling plane i
can be expressed as follows:

o'" = Déde + g

o[-

Tt lle* n;
n; is the unit vector of sampling plane i. The microscopic stress,
o!", is corrected independently on each sampling plane using
its state variables and the microscopic stress-strain relationship
to obtain an elasto-plastic microscopic stress, o;. The
microscopic elasto-viscoplastic relationships are described in
the following sections. The macroscopic elasto-viscoplastic
stress is then calculated by integrating the microscopic stresses
as follows:
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in which T; is the transformation matrix from local to global
(microscopic to macroscopic) systems, and w; is the weight of
sampling plane i. Bazant & Oh (1985) calculated normal unit
vectors and weights of sampling planes for different number of
planes per unit sphere, ranging from 2x21 to 2x61 planes. The
transformation matrix has the following components:

ny "Ny
[nz ‘N,
aO'n nig N3
(W)i T ng )
ny "Ny

n3'n1i

1134

and

ny - (6''ny), — oy ny

Ztr
n;- (Utrni)z - Urtlrnz )
7tr
ny - (6""n;); — o' ng " ng 6
B e (6)
ny - (6", + 1y (60, — 2040y "Ny
2-L—tT
nz - (6", +ny - (67N)3 — 20N, "0y
2-L—tT
ny - (63 +nz - (6N, — 205 nz - ny
| 2tr 1

As can be seen the transformation matrix is based on the
direction of trial stress. Therefore, to minimize the error in this
method, the increment of the trial stress should be limited,
which is ensured in the proposed model by means of a sub-
stepping scheme. In material with low stiffness, such as clays,
the sub-stepping scheme does not have a significant effect on
the performance of the model. In the current model, the
maximum deviatoric strain is limited to 0.01% in each
calculation step.

2.2 Microscopic formulation of material model

The visco-plastic model is formulated based on the double-
hardening DeltaSand model for sands (Galavi, 2021). In this
framework separate yield surfaces are used for certain loading
conditions. In the context of multilaminate framework, surfaces
are defined as lines on sampling planes. Therefore, the term
yield or plastic potential lines are used in the following sections.
Similar to DeltaSand, two isotropic hardening yield lines for
monotonic loadings and two kinematic lines for cyclic loadings
are considered. The present paper focuses on monotonic
loadings and therefore the formulation of the kinematic
hardening parts is omitted. Figure 1 shows the yield lines of the
model for monotonic loadings.

T
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Figure 1. Isotropic hardening yield lines of the model.
2.3 Local void ratio

State-dependency on sampling planes is formulated using a
local void ratio concept. In the beginning of the simulation, the
global void ratio, ey, is transformed to sampling planes and
stored as local void ratios on individual planes. For the
transformation, it can be assumed that the initial local void ratio
is isotropic or anisotropic. The anisotropic void ratio can be



considered using the microstructure tensor, proposed by
Pietruszczak & Mroz (2000). This concept was later applied to
the multilaminate framework to model inherent anisotropy of
strength parameters (Pietruszczak & Pande, 2001, Cudny &
Vermeer, 2004, Galavi, 2007, Schweiger et al., 2009).

The local void ratio, e;, on sampling plane i is updated
using the increment of the normal strain of the same plane, de,,,
as:

e = (1 + el_o)exp(—den) -1 @)

in which e 4 is the local void ratio in the beginning of the step.

2.4 Shear part

The shear part of the model is formulated with a Mohr-
Coulomb line on a sampling plane by introducing mobilized
friction angle ¢,,:

®)

where T and o, are the shear and normal stresses on the
sampling plane. The apex stress is defined as a function of
cohesion, ¢, and critical friction angle, ¢.,,:

fs=1— (o-n - Uapex) tan ¢,

)

The hardening rule of Pietruszczak and Niu (1992) with the
modification of Wan and Guo (1998) is used to define the
mobilized friction angle as a function of shear plastic strain, y?,
and void ratio, e;:

Ogpex = CCOL @y

YPfale)

10
Amat + 7P (10)

tan ¢, = tan@; + (tan ¢, — tan ¢;)
in which ¢ is the initial friction angle on the sampling plane
from which the mobilization starts. This friction angle is
calculated based on the initial stresses during the initialization
of the model. 4,4, is an input parameter that defines the plastic
behaviour of soil during shearing. A higher value of 4,,,,, leads
to a softer response and, consequently, more plastic strains.

The function f;(e;) relates the hardening (or softening)
rule to the local void ratio and is defined as follows (Wan &
Guo, 1998):

fale) = (5-)

cr

-a

(1)

in which e, is the critical void ratio and « is a non-negative
input parameter. In the current formulation, it is assumed that
the critical void ratio is isotropic and has the same value for all
sampling planes. For void ratios greater than the critical void
ratio (normally consolidated clays), f; is less than 1 and for
void ratios less than the critical void ratio (over-consolidated
clays), f; is greater than 1. At the critical state, when the void
ratio tends to 1, f; becomes 1.

2.4.1 Flow rule

A non-associated Mohr-Coulomb type of plastic potential
function is used:

gs =T — oy tany, (12)

in which v, is the mobilized dilation angle. Using the stress-
dilatancy theory of Rowe and modification proposed by Wan &
Guo (1998) for sands, the following relationship can be derived
between the mobilized dilation and friction angles:

tany,,

= tan @, — fe(e) tan g, (13)
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@cp i the critical void ratio and f,(e) is a function to
incorporate the void ratio in the evolution of strain (Wan &
Guo, 1998):

fo(&) = Fy (:—l)ﬁ (14)

B is an input parameter to define dilation of material during
shearing as a function of void ratio. For mobilized friction
angles lower than 0.75 tan ¢, the function f,(e) is multiplied
by the following factor to obtain more contractive behaviour in
the beginning of shearing as observed in clays.

tan ¢,

0= (o)

tan ¢,

Fr (15)

In which f; is an input parameter, defining initial fabric of the
material.

2.4.2  Rate-dependent shearing

The rate-dependent (viscous) behavior of the shear part is
formulated using the Perzyna overstress theory. According to
the theory of visco-plasticity, the total strain rate tensor, €, is
summation of the elastic and visco-plastic strain rate tensors:

(16)

The elastic strain rate tensor can be related to the stress tensor
using the elastic stiffness, i.e.:

£€=¢°+ €

6 = D°g° (17)
The visco-plastic strain rate is given by:
e = %% = orpees (18)
o u $

where (...) is McCauley brackets, which represent a function
that is zero when its argument is negative and equal to the
argument itself when it is positive or zero. u is the viscosity-
related input parameter which is material, temperature, stress
and strain rate dependent. ®(f;) is an overstress function of
yield function and needs to be defined based on experimental
data. The most widely used overstress function is defined
according to Perzyna overstress model as:

o(f) = (/@0) (19)

where n is the rate sensitivity parameter, f; is yield function of
the shear part of the model and fj is a reference normalization
yield stress.

2.5 Volumetric part

The volumetric yield line of the model has an elliptical shape,
the same as the modified Cam-Clay surface which expands
isotopically with plastic normal strains. The volumetric yield
line is expressed by:

2

T
fo =7+ on(on —0c)

M, (20)

o. is the pre-consolidation stress. M,, is a shape parameter
which affects K|, stress paths in normally consolidation loading.
In the current model M,, is calculated internally from the input
parameter K{'¢ and elasticity parameters as given in Brinkgreve
(1994).

An associated hardening rule is considered for volumetric
part. The pre-consolidation stress, g, increases with increasing



normal plastic strain, de?. When creep is neglected, the pre-
consolidation pressure can be obtained from:

(1+ ello)defi)

i 21

0, = 0¢ exp(
where o, is the pre-consolidation pressure in the beginning of
the step. The slope of the normal compression line, A, and the
slope of the unloading-reloading lines, k, in e — Ing,, space is
obtained from the following relationships:

_3(1+e0)(1 — 2vy) o (ont Tapex o @)
267 (1 + Uyr) " Oref T Ogpex
and
On_
g (teo) (K " Tapex (23)
E:sg Orer t Ogpex

G™ and Egsg represent the reference shear and oedometer
stiffnesses, respectively. vy, oy and m are the unload/reload
Poisson’s ratio, the reference stress (usually taken as 100 kPa)
and the stiffness power, respectively.

For most clays, the power parameter m can be taken as 1.
In this case, by considering no cohesion, i.e. 0gpex = 0, the
above equations can be simplified as follows in the
multilaminate model which are slightly different from the
equations derived for 3D models:

_3(1+e0)(1 = 2vy,)

24
26 (1 +uy,) @9
and
(1 + el'o)
A= ey Orer K3 (25)
oed
2.5.1 Creep

The rate-dependent behavior of the volumetric part is
formulated based on the 3D creep model proposed by Vermeer
& Neher (1999), which was an extension of the one-
dimensional creep model of Bjerrum. According to this model,
the pre-consolidation stress depends entirely on the amount of
creep strain accumulated in time. The total strain rate tensor, &,
is summation of the elastic and creep strain rate tensors:

E=¢°+¢° (26)
in which €€ is the creep strain rate tensor. Following the work
of Vermeer & Neher (2000), it can be shown that the normal
creep strain rate on a sampling plane can be calculated from:

A-k

e _ E(&)#*(“ez,o) (27)

&, =
n Tt

Oeq,p

In which p*and 7, are creep and time parameters. In standard
oedometer tests, 7, is equal to one day. In the proposed model,
T, is an input parameter. The creep parameter, u*, is specified
using an input parameter, Uy, as a factor of A, defined as
follows:

= A (28)

Oeq,p 1s a generalized pre-consolidation stress, in case creep is
activated in the model (when the creep parameters are provide).
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Using a similar equation as the one used for the non-creep
model (Eq. (21)), g¢q, can be obtained:

(1+ elyo)ds,‘i)

T . 29)

Oeqp = Jeq,p,oexp(

The total strain rate is derived by Vermeer & Neher (2000) as
follows:

~C
¢ = pelg 4 10%s (30)
a do
and
00,
= 1
a 3o, 31

The equivalent stress can be obtained using the volumetric yield
function as follows:

2

Opq = Moo + o2 (32)
2.6 Tension cut-off
The tension cut-off yield line is defined as follows:
ft=0c—on (33)

in which oy is the input tensile strength (0; < dgpex)-

2.7  Elastic behavior

The elastic behavior of the model is defined globally. An
extended Masing rule defines the small strain stiffness of the
material during unloading and reloading. The reference shear
stiffness, G"¢/, is expressed by means of the modified Hardin
and Drnevich relationship (Santos & Correria, 2001):

ref
Gref = GO

1+a(%)

(34

in which Gg °f is the initial reference shear stiffness (small strain
stiffness), y is the shear strain. y, and a are two input
parameters. The parameter a can be taken as 0.385 so that y,. is
defined as the reference shear strain at which G™/ is reduced
to 0.72265 /It should be noted that the reference shear
stiffness cannot be reduced to values lower than the unloading-
reloading reference stiffness, Grer

wr » specified as an input
parameter.

The current stiffness is calculated considering the stress-
dependency of the stiffness as follows:

m
G =G (—p )
aref

in which p is the global mean effective stress.

(35)

2.8 Input parameters

The proposed model consists of several features, such as
viscosity, creep, cyclic behavior and small strain stiffness
which can separately be switched off. In this study, the cyclic
behavior of the model is omitted. The list of parameters is
presented in Table 1.



3 VALIDATION

The proposed material model is validated against experimental
data of a Kaolin clay (Wichtmann & Triantafyllidis, 2017). The
Kaolin clay is a low plasticity reconstituted clay. The calibrated
parameters of the material model are presented in Table 1. The
oedometer test with different loading, unloading and reloading
steps under different strain rates is plotted in Figure 2. The
loading rates are based on the values provided in Fuentes et al.
(2018). Figure 3 shows results of one-dimensional CRS
(Constant Rate of Strain) test. Soil samples with slightly
different initial void ratios are compressed at various strain
rates. As can be seen from these tests that the model is capable
of capturing various loading conditions with different strain
rates with good accuracy.

Table 1. Input parameters of the proposed model calibrated for
Kaolin clay.

Parameter Symbol Value Unit
g s s
l:;ffglr::sce oedometer E (,; 1200 KPa
Poisson’s ratio Uy 0.15 -
Power stiffness parameter m 0.7 -
IC\L(;I:‘E?;(EHSOIMMIOH stress Kne 06157 )
Critical state friction angle Pev 22.6 degrees
Effective cohesion c 1.0 kPa
Critical void ratio ecr 1.72 -
S;);lgrollmg peak friction o 00 )
Controlling dilation B 0.0 -
Controlling plasticity Amae 0.01 -
Tensile strength o, 0.0 kPa
Small strain ratio G,/G 5 -
Reference small strain Yy 0.0001 -
Creep coefficient us 0.015 -
Creep time parameter T¢ 1 day
Initial fabric parameter f 5 -
Number of sampling planes Ngp 37 -

Simulations of undrained triaxial tests are presented in
Figure 4 and Figure 5. All these tests were conducted with a
rate-independent material model, i.e. no viscosity or creep is
considered. Figure 3 shows deviatoric stress versus axial strain.
As can be seen, the model captures the mechanical behavior of
the Kaolin clay at different confining stress with one set of
parameters. The corresponding stress path in p-q space is
plotted in Figure 5. The critical state line, obtained from the
experiments, is curved, which is simplified in the model by
considering a linear critical state line. This results in a slight
underestimation of the maximum deviatoric stresses at
confining stresses of 50 kPa and 200 kPa. Overall, the
predictions are in good agreement with experimental tests.
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Figure 2. Void ratio versus vertical stress in oedometer test with
loading, unloading-reloading steps.
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Figure 3. Void ratio versus vertical stress in CRS test with different
loading rates.
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Figure 4. Deviatoric stress versus axial strain
test.

in undrained triaxial
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Figure 5. Deviatoric stress versus mean effective stress in undrained
triaxial test.

4 CONCLUSIONS

In this paper the formulation of a state-dependent constitutive
model for clays is presented. The model was formulated within
the framework of multilaminate, which provides a basis to
account induced anisotropy and rotation of principal axes.
Inherent anisotropy can be introduced to the model by defining
different parameters over individual sampling planes. In
addition to anisotropy, the proposed model incorporates creep
and rate-dependency. The constitutive model was validated
against oedometer and triaxial tests on Kaolin clay. The results
show a good agreement between the numerical and
experimental results. In future studies, the performance of the
model against cyclic loadings on clays will be demonstrated.
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