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Abstract

This paper focuses on constitutive and numerical modeling of strain-rate dependency in natural clays
while also accounting for anisotropy and destructuration. For this purpose the SANICLAY model that
accounts for the fabric anisotropy with the additional destructuration feature that accounts for sensitivity
of natural clays, is considered as the reference model. An associated flow rule is adopted for simplicity.
The model formulation is refined to also account for the important feature of strain-rate dependency using
the Perzyna’s overstress theory. The model is then implicitly integrated in finite element program
PLAXIS. Performance of the developed and implemented model is explored by comparing the simulation
results of several element tests and a boundary value problem to the available experimental data. The
element tests include the constant strain-rate under one-dimensional and triaxial conditions on different
clays. The boundary value problem includes a test embankment, namely embankment D constructed at
Saint Alban, Quebec. For comparison, the test embankment is also analysed using the Modified Cam-
Clay (MCC) model, the SANICLAY model, and the viscoplastic model but without destructuration.
Results demonstrate the success of the developed and implemented viscoplastic SANICLAY in
reproducing the strain-rate dependent behavior of natural soft soils.
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1 Introduction

Modeling the stress-strain response of natural soft soils constitutes a challenge in practical
geotechnical engineering; it is governed by a series of factors that are not always included in conventional
constitutive models. In particular, the three main inherent features that influence their response are a)
anisotropy, b) destructuration (degradation of the inter-particle bonds), and c) strain-rate dependency.

Since modeling the full anisotropy of natural clay behavior is not practical due to the number of
parameters involved, efforts have been mainly focused on development of models with reduced number of
parameters while maintaining the capacity of the model [1]. Historically, for practical model development
purposes, the initial orientation of soil fabric is considered to be of cross-anisotropic nature, which is a
realistic assumption as natural soils have been generally deposited only one-dimensionally in a vertical
direction. It is also a well-established fact that the yield surfaces obtained from experimental tests on
undisturbed samples of natural clays are inclined in the stress space due to the inherent fabric anisotropy
in the clay structure (e.g., [2-4]). Based on the above, a particular line of thought has become popular in
capturing the effects of anisotropy on clayey soil behavior, by development of elasto-plastic constitutive
models involving an inclined yield surface that is either fixed (e.g., [2]), or can changed it inclination by
adopting a rotational hardening (RH) law in order to simulate the development or erasure of anisotropy
during plastic straining (e.g., [5-6]). For obvious reasons a model accounting for both inherent and
evolving anisotropy would be more representative of the true nature of response in clays; hence, since the
first proposal of such model by Dafalias [5-6] similar framework has been adopted by a number of other
researchers for development of anisotropic elasto-plastic constitutive models (e.g., [7-11]). Based on the
original model, Dafalias et al. [12] proposed what they called SANICLAY model, altering the original RH
law and introducing a non-associated flow rule. A destructuration theory was later applied to the
SANICLAY model [13] to account for both isotropic and frictional destructuration processes. In these
works, the SANICLAY has been shown to provide successful simulation of both undrained and drained
rate-independent behaviour of normally consolidated sensitive clays, and to a satisfactory degree of
accuracy of overconsolidated clays.

Past experimental studies have also shown that soft soils exhibit time-dependent response (e.g., [14-
17]). Time-dependency is usually related to the soil viscosity that could lead to particular effects such as
creep, stress relaxation, and strain-rate dependency of response. Time-dependency of soil response can be
observed experimentally by means of creep tests, stress relaxation tests, or constant rate of strain (CRS)

tests [18]. Rate-sensitivity is a particular aspect of time effect that has been investigated extensively; it
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influences both strength and stiffness of soils. Various studies using CRS tests have shown how faster
strain rates for a certain strain level lead to higher effective stresses; also, the general observation,
particularly in soft soils, is that higher undrained strengths can be achieved by increasing the loading rate
(e.g., [16-17,19-20]). The reported observations from laboratory studies all imply that consideration of soil
viscosity effects could be key for correct prediction of long term deformations in field conditions; although,
neglecting soil viscosity seemingly provide sufficiently correct predictions in short-term [21]. Landslides or
long-term deformations of tunnels and embankments on soft soils are examples of common practical
problems where a sustainable remediation and/or design solution can only be achieved if time-dependent
behavior of soil is taken into consideration.

In order to account for the time-dependency of soft clays’ behavior, various frameworks can be found
in the literature. Among a number of popular frameworks such as the isotache theory of guklje [22] or the
non-stationary surface theory of Naghdi and Murch [23], the overstress theory of Perzyna [24-25] is a
common framework often used in geomechanics for this purpose due to its relative simplicity. The first
overstress-type viscoplastic models were based on isotropic Cam-Clay or modified Cam-Clay models (e.g.,
[26-32]). More recently, several models accounting for either only the fabric anisotropy (e.g., [33]), or both
anisotropy and destructuration [34] have also been introduced. A shortcoming of these models is the
absence of bounds for the evolution of rotational hardening variables which could eventually lead to an
excessive rotation of the yield surface for loading at very high values of stress-ratio [35-36]. Furthermore,
destructuration theories have so far only addressed isotropic destructuration (usually constituting a
mechanism of isotropic softening of the yield surface with destructuration), neglecting frictional
destructuration.

In this paper, a new Elasto-ViscoPlastic Simple ANIsotropic CLAY plasticity (EVP-SANICLAY)
model is proposed. The model is a new member of the SANICLAY family of models, which are based on
the classical modified Cam-Clay model and include rotational hardening and destructuration features for
simulation of anisotropy and sensitivity, respectively. Perzyna’s overstress theory [24-25] is employed to
account for soil viscosity effects. Being based on the SANICALY model, the new viscoplastic model
restricts the rotation to within bounds necessary to guarantee the existence of real-valued solutions for
the analytical expression of the yield surface [12]. In the following sections, the theoretical formulation of
the model will be discussed, followed by the details of its numerical implementation based on an
algorithm proposed by Katona [28]. The validation of the new model is done by comparing the model

simulation results against several experimental data at the element level and also field measurements for a
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boundary value problem. In particular, at element level the measured behavior observed from CRS and
undrained triaxial tests over a number of different soft clays are used. Within these examples,
determination of model parameter values is also discussed. For the boundary value problem, a well-
studied test embankment, namely St. Alban embankment, is modeled and the predicted deformations
using the EVP-SANICLAY model are compared with the recorded in-situ values. In order to better
highlight the merits of the newly proposed constitutive model, the simulation results are also compared
with those obtained using the MCC model, the SANCILAY model, and also the EVP-SANICLAY model
but without the destructuration feature. Note that in this paper all stress components are effective
stresses and as usual in geomechanics, both stress and strain quantities are assumed positive in

compression.

2 EVP-SANICLAY

2.1 Model formulation

According to Perzyna’s theory, the total strain increment, Ag, associated with a change in effective

stress, Aag, during a time increment of At, is additively decomposed to elastic and viscoplastic parts

Ag = Ag® + Ae’P (1)
where the superscripts e and vp represent the elastic and the viscoplastic components, respectively. The
elastic strain increment, Ag®, is time-independent; whereas, the viscoplastic strain increment, AgP is
irreversible and time-dependent. Adopting the isotropic hypoelastic relations for simplicity [12], the elastic
part of the total strain can be shown as

Ag® = D1 Ao (2)
where D is the elastic stiffness matrix with more details presented in the Appendix, and symbol : in
implies the trace of the product of two tensors.
The time-dependent viscoplastic strain increment is evaluated as

AP = VP - At (3)
where &"P is the viscoplastic strain rate tensor (a superposed dot denotes the time derivative), and

following the original proposal by Perzyna [24-25], it can be defined as

i}
&P = - (D(F)) - Egr (4)
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where u is referred to as the fluidity parameter, g is the viscoplastic potential function represented by the
dynamic loading surface (DLS - explained in the sequel), and ®(F) is the so-called overstress that is the
normalised distance between the current static yield surface (SYS) and the DLS (see Figure 1). The

application of Macauley brackets in Equation (4) ensures that

0 for ®(F) <0

(®(F) = {tb(F) for ®(F) > 0 (5)
Several different relationships for ®(F) have been proposed in the literature (e.g. [26,37]). In this

work the following exponential function proposed by Fodil et al. [38] is employed

a
®(F) = exp (F) — 1 = exp [N (Z—‘; - 1)] -1 (6)

0

where p3 and pg are the size of the SYS and the DLS, respectively (see Figure 1), N is the strain-rate

coefficient that together with pu are the two viscous parameters of this model.

’3
ES: s el M*(G)
static yield surface (SYS)

%S %d

dynamic loading surface (DLS)
~IM*(6)

Figure 1. Graphical representation of the EVP-SANICLAY model in the stress space

This specific choice of ®(F) ensures that its value is always greater or equal to zero. Thus, from
Equation (7) it is evident that if the stress state lies on or inside the SYS, the soil response would be
purely elastic. If the stress state lies outside the SYS, viscoplastic strain will be developed proportional to
its distance from the current SYS.

In this work the elliptical surface of the SANICLAY model [12] is adopted as the SYS. The
SANICLAY model was originally proposed with a non-associated flow rule; however, for simplicity
purposes an associated flow rule is adopted here for its elastic-viscoplastic extension. In the general stress

space, the SYS function can be expressed as

3 3
ff= E(S —pa): (s — pa) — (M*(H)2 —Ea:a) (o’ —pp=0 (7)
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In the above expression, s = o — pI is the deviatoric component of stress tensor ¢ (I being the fourth
order identity tensor). @ is the deviatoric fabric tensor that accounts for anisotropy by coupling the
deviatoric and volumetric plastic strain rates. p;® = S;p§ defines the size of the structured SYS where
S; = 1 is an isotropic destructuration factor and pg is the size of the intrinsic SYS. M*(8) = SyM(6) where
S¢ =1 is a frictional destructuration factor and M (@) is the critical stress-ratio that in the general stress
space its value is interpolated between M, and M, by means of a Lode angle 8. In the stress space
illustrated in Figure 1 the scalar a = \/m defines the rotation of the SYS and DLS. As shown in
Figure 1, the DLS has the same shape and orientation as the smaller SYS, and following the adoption of
associate flow rule it coincides the viscoplastic potential surface too. A summary of the hardening
equations and the Lode angle formulation are presented in the Appendix for the sake of completeness.
The model constants of EVP-SANICLAY can be divided into 4 categories: (1) the elasticity
constants k and v and the critical state constants M., M, and A which are the same as those in the MCC
model (with the exception that in MCC we have M, = M,); (2) the rotational hardening (RH) constants C
and x, which are specific to the SANICLAY model; (3) the destructuration constants k;, k; and A; and
(4) the viscosity parameters N and g, which constitute the two new additional parameters of the EVP-
SANICLAY and they can be determined as discussed in Yin and Hicher [31]. Furthermore, similar to the
SANICLAY, a and p§ constitute the hardening internal variables in the EVP-SANICLAY model. It
should be noted that despite the large number of model parameters, they have clear physical meaning and
can be determined following straightforward processes. The detailed procedure for evaluating the initial
values of the model state variables, and hardening and destructuration parameters can be found in

Taiebat et al. [13].

2.2 Numerical Integration

The numerical solution algorithm for the elasto-viscoplastic model can be developed by using a step-
by-step time integration algorithm with a Newton-Raphson iteration procedure [28]. In this scheme it is
assumed at the beginning of a certain defined time interval and strain increment, the values of stresses,
strains, and state variables are known. The objective is to determine the subsequent elastic and
viscoplastic strain components, which in turn allow finding the subsequent stresses and internal variables.
From Equations (1,2) the incremental constitutive relationship for a time step can be expressed as

Ao = D(Ae — Ae"P) (8)
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For approximation of AgP, a finite difference scheme is employed as:

Ae™ = At[(1 = PIET + P&, Y

2V,
where &7

is the value of viscoplastic strain rate at time ¢, and B is a time interpolation parameter
(0 < B <1); B =0 represents an explicit forward (Euler) interpolation, § = 0.5 represents central (Crank-
Nicolson) interpolation, and f =1 implies an implicit backward interpolation. Lewis and Schrefler [39]
showed that in this scheme the solution is conditionally stable for 0 < < 0.5 and B =1, and
unconditionally stable for 0.5 < f < 1. Substituting Equation (9) into Equation (8) and rearranging the
terms give:
D o pr + AL B &N, = De—At-(1— B + Do, (10)

where the terms on the right hand side are known (at time t), while the left hand side terms are
unknowns (at timet + At) and they are to be solved in an iterative procedure. A Modified Newton-

Raphson approach is used for the iterative solution of Equation (10). To do this, a limited Taylor series is

. P . Vp .
applied to the unknown quantities o, s and &, 5,

Oriar = 0; +do; (11a)
T L
t+At i oo 14 (llb)

Note that subscript i refers to the i-th iteration at the current time step. Substituting Equations
(11a) and (11b) into Equation (10) and successive rearrangements result in the following form for

computation of stress increment:

Up -1

¢!
do; = D'+ At ;; [(ae—at-(1-P)EP + Do) — (Do + At - &F)] (12)

If it is assumed that function K represents the term (Ag—At-(1—B)&? + D 'o,) with known
quantities remaining constant during the iteration, and that function U represents the iterative term
(Do, +At- B é‘fp), then Equation (12) can be presented in a short form as:
do =[]t~ v (13)

do

The most efficient solution scheme for continuum problems using overstress-type elasto-viscoplastic
constitutive equations can be obtained with f = 0.5 [40]; hence, this value is adopted for the time
interpolation parameter in the present work. For the solution algorithm, at every time step Equation (13)
is iteratively solved. At each iteration da; is calculated and subsequently o; is updated as o; = 6;_4 +

do;. When convergence is achieved (i.e. when da; < tolerance~1077), the iterative procedure stops and
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the incrementally accumulated stress values will become the stresses at the corresponding time step (i.e.,
0..a:); subsequently, viscoplastic strain tensor can be calculated as s';fm = &4ne — D70 pe. The
implementation makes it possible to apply the whole strain increment through a number of sub-
increments, not all at once. After the completion of the integration process at a time increment the
procedure advances to the next time step.

The EVP-SANICLAY model has been implemented into PLAXIS finite element program as a user-
defined soil model in order to be used for both element level and boundary value problem simulations. In
the following, first the performance of the model is validated by simulation of a number of element test
data on various clays. The model is then used for settlement study of a real instrumented test
embankment and the simulation results are discussed in detail. The embankment simulation also aims to
compare details of the predicted response using the proposed model and also using an isotropic and rate-

independent model that is often used in practice.

3 Model validation based on element level tests

For the element test simulations the implemented user-defined model has been employed through the
PLAXIS Soil Test application [41] to simulate several undrained triaxial shear and CRS test data on four
different soft soils reported in the literature, namely Kawasaki clay, Haney clay, St. Herblain clay, and
Batiscan clay [14,16,42-43]. The values of model constants and state variables used for the four soil types
analysed in this paper are summarised in Tables 1 and 2. In accordance with the natural or reconstituted
state of the clay sample being simulated the destructuration feature of the model has been switched on or

off by setting respective values to the structuration parameters.
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Table 1. Constants of the EVP-SANICLAY model adopted for four types of clays

Model constant

Kawasaki Haney St. Herblain Batiscan
Elasticity K 0.021 0.05 0.022 0.037
v 0.2 0.25 0.3 0.3
Critical state M. (M) 1.65 (1.24) 1.28 1.25 0.98
A 0.16 0.32 0.41 0.41
Rotational hardening c 12 12 10 12
x 2.6 2.4 1.5 1.7
Destructuration k; 0 1.5 0 1.4
ke 0 1.4 0 1.3
A 0 0.3 0 0.5
Viscosity N 12 17 9 12
u s 7x107° 5x10" 5x10” 2x10”

Table 2. Initial values of state variables adopted for four types of clays

Model state variable

Kawasaki Haney St. Herblain Batiscan

Initial void ratio e 1.07 2 2.26 1.92
Initial size of the SYS Po [kPa] 250 340 30 50
Initial rotation of the « 0.60 0.43 0.46 0.36
SYS
Initial 1sot.r0p1c s, 1 6 1 3
structuration factor
Initial frictional

Sr 1 1.3 1 1.5

structuration factor

3.1 Kawasaki clay

To evaluate the strain-rate dependency, Nakase and Kamei [42] performed undrained triaxial
compression and extension tests with various shearing rates on anisotropically consolidated reconstituted
Kawasaki clay specimens. The index properties of Kawasaki clay samples were reported as plasticity index
Ip = 29.4, specific gravity G, = 2.69, liquid limit w; = 55.3%, plastic limit wp = 25.9%, and clay content
22.3%. All tests were conducted under a vertical effective consolidation pressure of 392 kPa with a back-
pressure of 196 kPa in the consolidation stage. The samples were consolidated under a K value of 0.42,
and then the samples were sheared in both compression and extension with axial strain rates of 0.7, 0.07,
and 0.007%/min.

Kamei and Sakajo [44] reported the values of conventional soil parameters, such as k, 1, M and
initial void ratio, for the samples of Kawasaki clay. Based on the test data, the critical stress ratio in
triaxial compression and extension were measured as 1.65 and 1.24, respectively. Rotational hardening

parameters were determined according to Dafalias et al. [12]. For the simulations, the destructuration
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feature of the model was switched off by setting S; =S, =1, as the soil specimens were reconstituted.
Viscosity parameters were determined through calibration based on data from tests at only two strain-
rates.

Figure 2 shows the comparison between experimental and numerical results obtained using the EVP-
SANICLAY model. The tests were simulated considering the consolidation stage. As it is seen in the
figure, the response during triaxial compression has been captured very well by the model, while for the
extension part the results are less accurate, even though the Lode angle dependency was considered in
order to better reproduce the clay behavior in extension. As illustrated in Figure 3 of Taiebat et al. [13]

this could be in part due to adoption of an associated flow rule in the EVP model.

400 4 400
o 0.7%/min =
_ o 0.07%/min 300 :
300+ Py 4 0.007%/min s A A AL
9 ——EVP-SANICLAY 0.7 o
2004 P ——EVP-SANICLAY 0.07 | 200+
St EVP-SANICLAY 0.007 y
., 100 é@ g 100 4
© © i
Q 25 o] & ’
= 0 T O T T 1 X oo o T
> 100 A%A% 5200 300 400 500 D0 0.05 0.10 0.15 0.20
a00d bR
100 ﬁ%@ o 0.7%/min
e o 0.07%/min
200 4 o, A 0.007%/min
© | ——EVP-SANICLAY 0.7
-300 - ~———EVP-SANICLAY 0.07 -300 -
' EVP-SANICLAY 0.007
' [kPa] c, [%]
(a) (b)

Figure 2. Undrained triaxial test: (a) effective stress path; (b) deviator stress versus axial strain

It can be noted that in triaxial compression, a better comparison between experimental and
numerical results is achieved for higher strain rates. As the strain rate decreases, the numerical stress
paths tend to be more lenient towards the critical state. As no destructuration was considered for this
simulation and also associated flow rule was employed, the modeling results did not reproduce a
noticeable softening behavior (Figure 2b). This is observed in both compression and extension. The initial
stiffness of the curve was also well represented. The Lode angle dependency of the model allows capturing

the anisotropy in strength as it was observed by Nakase and Kamei [42].

10
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3.2 Haney clay

Vaid and Campanella [14] carried out undrained triaxial tests on undisturbed saturated sensitive
marine clay known as Haney clay. It is a silty clay with w;, = 44%, wp, = 26% and a sensitivity within the
range of 6 to 10. All test samples were normally consolidated, with an all-around confining pressure of
515 kPa. Consolidation was allowed for a period of 36 hr after which the samples were left undrained for
12 hr under the consolidation stresses prior to shearing. In order to study the rate dependency of
undisturbed clay response, the undrained shearing stage of the tests was performed at different constant
strain rates, varying from 10” to 1.1% /min.

Values of conventional soil parameters listed in Tables 1 and 2 were reported by Vermeer and Neher
[45]. After determination of the initial value of @, the values of anisotropy constants, C and x, were
obtained via curve fitting. Destructuration parameter values were also calibrated via trial runs.
Structuration factor and destructuration constants influence the softening behavior after peak strength,
and to a lesser degree, the shear strength achieved. Figure 3a and 3b show the influence of frictional
destructuration in soft clay behavior. An increase of the frictional structuration factor leads to a larger

softening behavior and a noticeable decrease in shear strength (Figure 3a).

400 ~ 400 ~

300 A 300 A

& 200- & 200-
i~ - e~ )
— ® experimental — ® experimental
o S, =1 o k,=0.6
—S,=13 - —k=1
100 - - —5,=16 100 - — k=14
----§,=2 ----k =18
k=14 S,=1.3
0 T T T T T T T T T T T 1 0 T T T T T T T T T T T 1
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.00 0.02 0.04 0.06 0.08 0.10 0.12
€4 ['] €4 [']
(a) (b)

11
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Figure 3. Calibration of structuration and viscosity parameters for Haney clay: (a) influence of frictional
structuration parameter Sy for a constant rate k; = 1.4; (b) influence of rate of frictional destructuration

ks for a constant value of Sy = 1.3; (c) combined influence of viscosity parameters N and u

A similar, if less marked, behavior is seen in relation to the rate of frictional destructuration (Figure
3b), with larger softening observed for higher destructuration rates. Viscosity parameter values were
calibrated based on the results of two tests (i.e. at two strain rates) only. As it is shown in Figure 3c,
viscosity parameters play an important role in the overall calibration of the model, particularly with
regards to the shear strengths achieved. In order to obtain an improved match with the experimental
results, instead of the default value of 0.5, a value of 0.3 was adopted for the destructuration parameter
A.

For model simulations using EVP-SANICLAY, three specific strain rates, at 0.00094%/min,
0.15%/min and 1.1%/min, have been taken into account to reproduce the observed shear stress-shear
strain curves. Also the peak strengths achieved at different strain rates were considered to evaluate the
model performance. The experimental versus numerical results are shown in Figure 4. It can be seen from
the figure that the model simulations compare very well with the observed behavior. The model, with its
destructuration function on, is able to simulate the softening behavior of natural clay response after peak
(Figure 4a). Also Figure 4b indicates that the model provides a reasonably good representation for the

variations of maximum shear strength with loading rate.

12
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Figure 4. Undrained triaxial compression tests: (a) deviator stress versus axial strain; (b) evolution of

maximum deviator stress with strain rate

3.3 St. Herblain clay

A particular CSR oedometer test was performed by Rangeard [43] on St. Herblain clay, a clayey
river alluvial deposit. Two different strain rates were considered during the test. The test was started
with a strain rate of 3.3X10% " until an axial strain of 12%, at this strain the loading rate was lowered to
a strain rate of 6.6X107s" and was kept at that until a vertical strain of 15.5%, then again the rate was
switched back to the initial strain rate and was kept constant until the end of the test.

Soil parameter values, obtained from oedometer and triaxial tests, were also reported by Rangeard
[43]. The clay sample used for the experiments was taken from a depth of 6.5-7.5 m, it had a bulk unit
weight y = 14.85 kN/m3 and a water content of 87%. A vertical pre-consolidation pressure of 52 kPa was
determined from the oedometer tests. The model parameters adopted are summarised in Tables 1 and 2.

Given that the clay was slightly structured, for the simulations the destructuration feature of the
model was switched off. Figure 5 shows the experimental data versus simulation results. It can be seen
that the model predictions are in good agreement with the data, particularly with regards to vertical

stresses. The model also captures the indentation due to the change in strain-rate during the test.

13
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Figure 5. Simulations of CRS oedometer test results over St. Herblain clay

3.4 Batiscan clay

CSR oedometer tests were performed on Batiscan clay by Leroueil et al. [16]. The clay samples were
taken from a depth of 7.25 - 7.46 m; the samples reportedly had a water content of 80%, liquidity index I,
=27, I, = 21, and y = 17.5 kN/mg. The pre-consolidation pressure, determined from conventional
oedometer tests, was evaluated as 88 kPa. The strain-rates for the CRS tests varied between 1.7X 10%s?
and 4x107° . The initial vertical effective stress was taken equal to 65 kPa, corresponding to a size of
the initial yield surface of 50 kPa. Conventional soil parameter values reported in Tables 1 and 2 were
obtained from Leroueil et al. [16] and Rocchi et al. [46].

Combinations of initial degree of structuration and rate of destructuration have been studied and the
best coupled values were chosen for the numerical simulations. As it is shown in Figure 6a, larger values
of initial structuration S; result in a larger reduction of final vertical stress due to the higher softening
occurring. For a constant value of S;, the value of the rate of destructuration does not appear to have as
much influence, but it follows the same trend (Figure 6b), with higher rates leading to a higher vertical
stress reduction. Viscosity parameters are typically obtained from long-term oedometer tests via curve
fitting. The calibration of the coupled values is showed in Figure 6¢c. Note that viscosity parameters

greatly change the stress value at the end of the initial stiff elastic regime. The calibrated model

parameter values are summarised in Tables 1 and 2.
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Figure 6. Calibration of structuration and viscosity parameters for Batiscan clay: (a) influence of isotropic
structuration factor S; for a constant rate k; = 1.3; (b) influence of rate of isotropic destructuration k; for

a constant structuration value of S; = 3; (c¢) combined influence of viscosity parameters N and u

Model simulations using EVP-SANICLAY are shown in Figure 7. It is seen that a good correlation is

obtained between the numerical results and experimental data. Also clearly the strain-rate effects are well

captured; the exponential trend of the curves indicates the progress of destructuration at large strains.
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Figure 7. Oedometer test results: vertical strain versus vertical stress

Considering that all above element test simulations performed using EVP-SANICLAY, it appears
that in addition to the anisotropy and destructuration effects, the model is able to reasonably capture the
strain-rate dependency in behavior of natural clays. Also for the simulations preformed above, the model

implementation proved to be sufficiently robust.

4 Boundary value level modeling

In order to study the performance of the proposed elasto-viscoplastic constitutive model at the
boundary value level, the simulation of a test embankment was carried out. In particular, embankment D
of a set of four test embankments built on a soft, sensitive and cemented clay in Saint-Alban, Quebec,
Canada was selected [47-48]. This is a well-known and well-instrumented embankment for which soil

parameters are readily available in the literature.

4.1 Model description

Embankment D has a height of 3.28m, a uniform crest width of 7.6m and slope angles of 13.75°. The
embankment material consists of uniform medium sand compacted to a unit weight of 18.56 kN/m?’. It
was constructed on 13.7 m deep natural clay deposit known as Champlain clay, underlain by a dense fine
to medium sand layer down to a depth of 24.4m [49]. The soft deposit is overlain by approximately 1.5 m
thick weathered crust. In order not to disturb the very soft and sensitive clay deposit at the site, the
embankment was built directly on the existing natural ground, without excavating the thin dry crust

layer at the top. In this work a two-dimensional plane strain finite element model of the embankment was
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created using PLAXIS AE [41], and taking advantage of the symmetry, only half of the embankment was
modeled. A finite element mesh with 1723 15-noded triangular elements (Figure 8.a) was used for the
analyses. Each element has pore water pressure (PWP) degrees of freedom at corner nodes. Mesh
sensitivity studies were carried out to ensure that the mesh was dense enough to produce accurate results.
The geometry of the finite element model is shown in Figure 8a. The far right boundary of the model was
assumed at distance of 40m from the embankment centerline. The bottom boundary of the clay deposit
was assumed to be completely fixed in both horizontal and vertical directions, whereas, the left and right
vertical boundaries were only restrained horizontally. Drainage was allowed at the ground level, while the
bottom boundary was considered impermeable. Impermeable drainage boundaries were also assigned to
the lateral boundaries. Based on ground data, the water table was assumed at 0.7m depth.

The embankment was built in stages, with an initial layer of 0.6m and after 6 days the normal
construction began (Figure 8.b), with an average rate of 0.24m/day [48]. The same construction pace was
adopted in the numerical model. For the calculation phases, plastic analyses were carried out
corresponding to the construction process of the embankment, after which the consolidation analysis was
performed.

For the numerical analysis, the embankment itself was modeled with the simple linear elastic-
perfectly plastic Mohr-Coulomb model using the following reported values for the embankment material:
Young’s modulus E = 40,000 kPa, Poisson’s ratio v = 0.3, friction angle ¢ = 44°, and cohesion ¢ = 0 kPa.
The dry crust layer above the water table was also modeled with the Mohr-Coulomb model using shear
modulus G = 880 kPa, Poisson’s ratio v = 0.3, ¢ = 27°, ¢ = 1 kPa. Unit weight y = 19 kN/m3 is used for
both [47,50]. The sensitive Champlain clay deposit below the water table was modeled using the

implemented user-defined EVP-SANICLAY model, with a unit weight y = 16 kN/m® [47].
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Figure 8. (a) Geometry of the model embankment and the finite element mesh adopted; (b)

construction history of the St. Alban embankment D

The material parameter values for the Champlain clay layers were determined using the available
data obtained from testing of samples taken at a depth of 6m below the ground surface [15]. Conventional
parameter values were derived from existing studies based on soil element test results [47-48,50|. Similar

to the section on element level simulations, the anisotropy parameter values were determined following
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the approach proposed by Dafalias et al. [12]. The destructuration parameters were calibrated against
experimental data available for undrained triaxial compression tests over samples of Champlain clay
taken from a depth of approximately 3m [51]. For three tests presented in Figure 9 the samples were first
isotropically consolidated up to three different pre-consolidation pressures of 44, 66.6 and 77 kPa, and
subsequently sheared. Figure 9 shows a good agreement between the experimental data and the numerical
simulations both in terms of stress-strain response and of stress paths. The destructuration trend after

peak strengths was also well captured.
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(a) (b)
Figure 9. Validation of numerical simulations versus experimental results for undrained triaxial

compression tests: (a) deviator stress versus axial strain; (b) effective stress paths

In the absence of appropriate soil test data, such as long-term oedometer tests with at least two

different strain rates, viscosity parameters were calibrated using trial runs.

Table 3 summarises the soil and state parameters adopted for the simulation of St. Alban test
embankment, and Table 4 lists the calibrated anisotropy and destructuration parameter values. The
permeability, k, of the clay, assumed to be isotropic, was reported to be equal to 3.46x10™ m/day. It
should also be added that the initial state of stress was generated by adopting Kjy-procedure [41] where
the reported Kj value of 0.8 was employed [52]. Results from oedometer tests performed on Champlain
clay reported that over-consolidation ratio (OCR) varied between 1.8 and 2.2 [47]; a mean value of 2.0

was assumed for the analyses performed here.
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Table 3 — Constants of the EVP-SANICLAY model adopted for St. Alban test embankment D

Model constant

Top Champlain clay
layer (0.7-1.5 m)

Bottom Champlain
clay layer (1.5-13.7 m)

Elasticity 0.012 0.013
v 0.3 0.3
Critical state M. 1.07 1.07
(M,)
A 0.36 0.25
Rotational hardening c 10 10
x 1.7 1.7
Destructuration k; 1.5 1.5
ky 1.4 1.4
A 0.5 0.5
Viscosity N 13 13
s 5x10” 5x10”

Table 4 — Initial values of state variables adopted for St. Alban test embankment D

Top Champlain

Bottom Champlain

Model state variable clay layer clay layer
(0.7-1.5 m) (1.5-13.7 m)

Initial void ratio e 1.7 1.8
Overconsolidation ratio OCR 2.0 2.0
Initial rotation of the 0.41 0.41
SYS
Initial 1sot.r0p1c s; 45 45
structuration factor
Initial frictional

S¢ 1.2 1.2

structuration factor

In order to assess the performance of EVP-SANICLAY model, the finite element analysis of the

embankment was repeated twice where instead of the EVP-SANICLAY model the MCC model and the

EVP-SANICLAY model without destructuration (i.e., with S; = S = 1) were used.

4.2 Simulations results

The results from numerical analyses were compared with the available field measurement data for

the time period following the construction [47,50,53]. Figure 10 shows settlement predictions versus time

at the node on the centerline at the base of the embankment (point A in Figure 8a), using different

models. From the figure it is clear that the proposed EVP-SANICLAY model gives a rather good

prediction when compared to the in-situ measurements. When destructuration is switched off, the model
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significantly underestimates the settlement over time. The underestimation of settlement is even more
pronounced with the MCC and SANICLAY models; in this case the predicted settlement reaches an

approximately constant value after 400 days, pointing out that the model is clearly time-independent.
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Figure 10. Time-settlement predictions versus field measurements at point A in Figure 8a

No additional field data is available for surface settlements recorded at different times, but a
comparison between the numerical results adopting different soil constitutive models can be made. Such
numerical simulation results are shown in Figure 11. Generally they all show a typical behavior, with the
main vertical settlements at the centerline of the embankment and diminishing values at larger distances
from the centerline. However, as consideration of soil viscosity during plastic deformation delays the
consolidation process, settlements through using EVP-SANICLAY (Figure 11d) represent more realistic
deformation pattern with time. The simulation performed using the MCC and SANICLAY (Figure 11a,b)
clearly shows that with the time-independent models the consolidation process completes rapidly after
which the vertical deformation stops. When the effect of soil structure is ignored (Figure 11c) a behavior
similar to the complete EVP-SANICLAY model is obtained, but with significantly lower values for the
vertical settlement. This is expected, given that Champlain clay is highly structured clay with a

sensitivity value of about of 22 [15].
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Figure 11. Numerical simulation results for surface settlement using: (a) MCC model; (b) SANICLAY

model; (¢) EVP-SANICLAY model without structure; (d) EVP-SANICLAY model

Pneumatic piezometers were installed at different depths underneath the embankment to monitor the
excess pore water pressure variations with time [48,50]. Figure 12 shows the in-situ measurements related
to a piezometer located on the centerline at a depth of 2.6m under the base of the embankment (point B
in Figure 8a). The excess PWP initially increased during the embankment construction and then
gradually dissipated with time. The figure also shows the results of numerical simulations with the
models. As it can be seen, a better approximation of the excess PWP variation is obtained with the EVP-
SANICLAY model, in comparison with the MCC, SANICLAY, and the anisotropic EVP model without
structure. Interestingly, for the SANICLAY and both of the EVP-SANICLAY model simulations, with
and without structure, the maximum PWP value is reasonably close to the field measurement, but when

the initial structure and degradation of bonds are not taken into consideration, a faster dissipation of
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excess PWP is observed. MCC model underestimates the maximum excess PWP immediately after the
construction; additionally, after the construction excess PWP is dissipated very quickly, contrary to the
observed in-situ scenario. The observed delayed pore pressure dissipation can be captured only when the

viscosity of soil behavior is taken into consideration.
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Figure 12. Excess PWP predictions at point B in Figure 8a

Field data for lateral displacements at depth are not available for the embankment [54]; therefore,
simulation results presented in Figure 13, for the lateral deformation profiles at the toe of the
embankment, could not be compared with the actual measurements. From Figure 13d, EVP-SANICLAY
model simulations show deformation profiles similar in shape to what was reported for other embankment
sites. For example in case of St. Alban embankment B, the maximum lateral displacement was reported
to have more than doubled during the initial 4.5 years of consolidation [54], and the maximum value was
at a depth of about 1m. The MCC and SANCILAY models led to smaller lateral displacement near the
surface (Figure 13a,b). For the EVP simulations in Figure 13c,d, the lateral displacements increased near
the surface, and delayed deformation became more pronounced. When structure effects were ignored in
the EVP model (Figure 13c), the general shape of the lateral deformation profiles did not change much
compared to Figure 13d but the predicted values became smaller, without noticeable difference between
the profiles at 1000 and 2000 days. Clearly consideration of the soil initial structure and its degradation
result in a greater pace of viscoplastic strain developments. For example, monitoring the development of
viscoplastic strains at point B under the embankment, i.e. the position of the piezometer, it can be seen in

Figure 14 that after an initial elastic response, the viscoplastic strains begin to develop while still in the
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construction phase, and then continue to evolve with consolidation progress. It is particularly apparent

how ignoring soil structure effects lead to significantly lower viscoplastic strain accumulation, a trend also

observed in previous figures.
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Figure 13. Numerical simulation results for lateral displacement under the toe using: (a) MCC model; (b)

SANICLAY model; (c) EVP-SANICLAY model without structure; (d) EVP-SANICLAY model
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Figure 14. Development of viscoplastic strains at point B in Figure 8a
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4.3 Non-uniqueness of viscosity parameters

As already mentioned, calibration of viscosity parameters N and g has been done directly on the
embankment model as no appropriate test data has been available for the foundation soil. It should be
pointed out that the Perzyna-type viscosity parameters for a particular clay are not necessarily a unique
set and more than one combination of the two viscosity parameters can be found for a clay, depending on
how one wants to fit the experimental data [55]. Figure 15 shows an example of how for three different
sets of viscosity parameter values it is still possible to obtain a good approximation of the field
observation for settlements at point A under the embankment. For these particular sets, a maximum
difference of only 3% was found among the vertical settlement results, and similar minor variations were

observed among the corresponding lateral displacement and excess PWP predictions.
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Figure 15. Tllustrating the non-uniqueness of viscosity parameters for prediction of time-settlement at

point A in Figure 8a

4.4 Discussion on behavior during construction

Additional field measurement data on settlement and excess pore pressure generation during
embankment construction process is also available [48]. The data could be used to assess the performance
of the developed model in reproducing the short-term response of the embankment. Simulation results
during the construction are shown in Figure 16.

Figure 16a shows that at point A in Figure 8a, EVP-SANICLAY model somewhat underestimates
the results; although, as it was observed in Figure 7a, it is then able to gain accuracy during

consolidation. MCC and SANCILAY, on the contrary, overestimates short-term settlements during the
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construction. In terms of excess PWP at point B in Figure 8a, EVP-SANICLAY is able to give a good
prediction of the pore pressure generation during the embankment construction (Figure 16b). Based on
EVP-SANICLAY predictions, PWP develops rapidly during the construction until embankment reaches a
height of approximately 2.31 m (corresponding to 16 days after the start of construction) when the excess
PWP generation slightly decelerates. From the figure, it is clear that the MCC model underestimates
excess PWP generation during the construction. Compared to the full EVP model, EVP-SANICLAY
without structure provides lower predictions of excess PWP generation after the stage at which the

embankment reaches a height of 2.31 m.
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Figure 16. Field measurements versus numerical simulation results for the duration of construction: (a)
settlements at point A in Figure 8a; (b) excess pore water pressure at point B in Figure 8a; (c)

development of viscoplastic strains at point B in Figure 8a
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Figure 16c shows the development of viscoplastic strains at point B under the embankment (i.e. at
the position of the pneumatic piezometer considered). The figure shows that the viscoplastic strains start
to develop when the embankment reaches a height of about 2.31m, which approximately corresponds to

the time when excess pore pressure generation changes its pace.

5 Conclusions

The response of natural soft soil is governed by anisotropy, structure and time-dependency. In this
work, in order to concurrently account for these advanced features of soil behavior a time-dependent
elasto-viscoplastic extension of a well-established anisotropic clay model, namely SANICLAY, has been
proposed. The model is numerically implemented in finite element program PLAXIS using an implicit
integration scheme. The performance of the model at the element-level has been validated against
experimental data obtained from testing four different clays at both structured and un-structured states.
Furthermore the time-dependent behavior of St. Alban embankment D on the well-structured Champlain
clay was analysed using the proposed EVP-SANICLAY model. The paper presented the results for
settlements, lateral deformations, and excess PWP variations during the construction and the subsequent
consolidation, comparing model predictions with the field measurements where available. It was observed
that the developed model considers the delayed excess pore pressure dissipation following the completion
of the embankment construction reasonably well; hence it is able to yield more realistic predictions of the
long-term vertical and horizontal deformations. The boundary value problem simulation results also
illustrated that considering clay initial structure and subsequent destructuration effects significantly
improve the accuracy of predictions, particularly when dealing with a highly sensitive soft clay such as
Champlain clay. Furthermore, the model also predicted the immediate displacements as well as the
development of excess pore pressures during early stages of construction with reasonable accuracy.

In general, EVP-SANICLAY proved to be able to much better predict both short- and long-term
behavior of natural clay behavior when compared with a commonly used critical state based model such

as MCC, and also the SANCILAY model.
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Appendix

For the sake of completeness of presentation, some of the key components of the SANICLAY model
that are not presented in the main body of this paper are summarized here. Both stress and strain
quantities are assumed positive in compression (as is common in geomechanics), and the effect of this sign
convention has been considered on the model equations. All stress components in this paper should be
considered as effective stress. Finally, in terms of notation, tensor quantities are denoted by bold-faced
symbols and operations explained accordingly.

The hypoelastic formulation, considered for simplicity, constitutes of a shear modulus G, for
calculating increments of elastic deviatoric strains, and a bulk modulus K, for calculating increments of

elastic volumetric strains, where

_3K(1—-2v) K_p(1+e)
o214+ v) B K

(A1)
where v is the Poisson’s ratio, e is the void ratio, p = (tr@)/3 is the mean effective stress (where tr stands
for the trace), and k is the slope of elastic swelling lines in the e — Inp space.
The isotropic hardening law of the model describing the evolution of the size of structured SYS, i.e.

po’, is defined as

Pe° = Sips + Sips (A2)
where S; is the evolution rate of the isotropic destructuration factor (explained in the sequel), and
p5 =[(1+e)/(A—K)|poé,” is the evolution of the size of SYS, that is a proportional to viscoplastic
volumetric strain rate, with A indicating the slope of normal compression line.

The rotational hardening law describing the evolution of fabric anisotropy with viscoplastic staining

can be expressed in the general stress space as:

a=()c (;10)2 B E (r — xa): (r — m)]l/2 (@ —a) + (A.3)

In the above equation, @y = (Sf/Sf)a controls the contribution of destructuration over the change of

orientation of the yield surface (S'f explained in the sequel); r =s/p is the shear stress ratio; a? =
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2/3Mn, is the bounding ‘image’ stress-ratio tensor, where n, is an auxiliary unit tensor defined as
n, = ||(r/x) — a|| and |||| denoting the norm operator; and |&7| is the absolute value of the

viscoplastic volumetric strain rate.
In order to express the isotropic and frictional destructurations, an axillary internal variable called

the destructuration viscoplastic strain rate, é;p, is defined by

. vp)\2 -
& = - ey + a@Er) (A.4)
where €7 and é;p are the volumetric and deviatoric viscoplastic strain rates, respectively, and A is a

model parameter could be set to 0.5 as a default value. The evolution equations for the S; and Sy read

. 1+e

S; = —k; (m) (S; — DEF (A.5)
. 1+e . A.
Sy = —ky (/1 - K) (S — 1)’ (8.6)

where k; and kf are model parameters.

As indicated in model formulation section, the critical stress-ratio is defined as a function of the Lode
angle 6. To regulate the variation of M(8) between its values M, for compression and M, for extension,
the expression proposed by Sheng et al. [56] has been adopted here which reads as

2m* 1
1+ m*+ (1 —m*)sin 39)

M(8) = MC( (A7)

where m = M,/M,, —mt/6 < 6 = (1/3)sin_1[—3@]3/(2]23/2)] < m/6, with J, and J; being the second and

third invariants of the modified stress deviator s — pa.
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Abstract

This paper focuses on constitutive and numerical modeling of strain-rate dependency in natural clays
while also accounting for anisotropy and destructuration. For this purpose the SANICLAY model that
accounts for the fabric anisotropy with the additional destructuration feature that accounts for sensitivity of
natural clays, is considered as the reference model. An associated flow rule is adopted for simplicity. The
model formulation is refined to also account for the important feature of strain-rate dependency using the
Perzyna’s overstress theory. The model is then implicitly integrated in finite element program PLAXIS.
Performance of the developed and implemented model is explored by comparing the simulation results of
several element tests and a boundary value problem to the available experimental data. The element tests
include the constant strain-rate under one-dimensional and triaxial conditions on different clays. The
boundary value problem includes a test embankment, namely embankment D constructed at Saint Alban,
Quebec. For comparison, the test embankment is also analysed using the Modified Cam-Clay (MCC) model,
the SANICLAY model, and the viscoplastic model but without destructuration. Results demonstrate the
success of the developed and implemented viscoplastic SANICLAY in reproducing the strain-rate dependent
behavior of natural soft soils.

Keywords: viscoplasticity; strain-rate dependency; anisotropy; destructuration; clay

1 Introduction

Modeling the stress-strain response of natural soft soils constitutes a challenge in practical geotechnical
engineering; it is governed by a series of factors that are not always included in conventional constitutive
models. In particular, the three main inherent features that influence their response are a) anisotropy, b)

destructuration (degradation of the inter-particle bonds), and c) strain-rate dependency.
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Since modeling the full anisotropy of natural clay behavior is not practical due to the number of
parameters involved, efforts have been mainly focused on development of models with reduced number of
parameters while maintaining the capacity of the model [1]. Historically, for practical model development
purposes, the initial orientation of soil fabric is considered to be of cross-anisotropic nature, which is a
realistic assumption as natural soils have been generally deposited only one-dimensionally in a vertical
direction. It is also a well-established fact that the yield surfaces obtained from experimental tests on
undisturbed samples of natural clays are inclined in the stress space due to the inherent fabric anisotropy in
the clay structure (e.g., [2-4]). Based on the above, a particular line of thought has become popular in
capturing the effects of anisotropy on clayey soil behavior, by development of elasto-plastic constitutive
models involving an inclined yield surface that is either fixed (e.g., [2]), or can changed it inclination by
adopting a rotational hardening (RH) law in order to simulate the development or erasure of anisotropy
during plastic straining (e.g., [5-6]). For obvious reasons a model accounting for both inherent and evolving
anisotropy would be more representative of the true nature of response in clays; hence, since the first
proposal of such model by Dafalias [5-6] similar framework has been adopted by a number of other
researchers for development of anisotropic elasto-plastic constitutive models (e.g., [7-11]). Based on the
original model, Dafalias et al. [12] proposed what they called SANICLAY model, altering the original RH law
and introducing a non-associated flow rule. A destructuration theory was later applied to the SANICLAY
model [13] to account for both isotropic and frictional destructuration processes. In these works, the
SANICLAY has been shown to provide successful simulation of both undrained and drained rate-independent
behaviour of normally consolidated sensitive clays, and to a satisfactory degree of accuracy of
overconsolidated clays.

Past experimental studies have also shown that soft soils exhibit time-dependent response (e.g., [14-
17]). Time-dependency is usually related to the soil viscosity that could lead to particular effects such as
creep, stress relaxation, and strain-rate dependency of response. Time-dependency of soil response can be
observed experimentally by means of creep tests, stress relaxation tests, or constant rate of strain (CRS) tests
[18]. Rate-sensitivity is a particular aspect of time effect that has been investigated extensively; it influences
both strength and stiffness of soils. Various studies using CRS tests have shown how faster strain rates for a
certain strain level lead to higher effective stresses; also, the general observation, particularly in soft soils, is
that higher undrained strengths can be achieved by increasing the loading rate (e.g., [16-17,19-20]). The
reported observations from laboratory studies all imply that consideration of soil viscosity effects could be
key for correct prediction of long term deformations in field conditions; although, neglecting soil viscosity
seemingly provide sufficiently correct predictions in short-term [21]. Landslides or long-term deformations
of tunnels and embankments on soft soils are examples of common practical problems where a sustainable
remediation and/or design solution can only be achieved if time-dependent behavior of soil is taken into
consideration.

In order to account for the time-dependency of soft clays’ behavior, various frameworks can be found in

the literature. Among a number of popular frameworks such as the isotache theory of Suklje [22] or the non-
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stationary surface theory of Naghdi and Murch [23], the overstress theory of Perzyna [24-25] is a common
framework often used in geomechanics for this purpose due to its relative simplicity. The first overstress-
type viscoplastic models were based on isotropic Cam-Clay or modified Cam-Clay models (e.g., [26-32]). More
recently, several models accounting for either only the fabric anisotropy (e.g., [33]), or both anisotropy and
destructuration [34] have also been introduced. A shortcoming of these models is the absence of bounds for
the evolution of rotational hardening variables which could eventually lead to an excessive rotation of the
yield surface for loading at very high values of stress-ratio [35-36]. Furthermore, destructuration theories
have so far only addressed isotropic destructuration (usually constituting a mechanism of isotropic softening
of the yield surface with destructuration), neglecting frictional destructuration.

In this paper, a new Elasto-ViscoPlastic Simple ANIsotropic CLAY plasticity (EVP-SANICLAY) model is
proposed. The model is a new member of the SANICLAY family of models, which are based on the classical
modified Cam-Clay model and include rotational hardening and destructuration features for simulation of
anisotropy and sensitivity, respectively. Perzyna’s overstress theory [24-25] is employed to account for soil
viscosity effects. Being based on the SANICALY model, the new viscoplastic model restricts the rotation to
within bounds necessary to guarantee the existence of real-valued solutions for the analytical expression of
the yield surface [12]. In the following sections, the theoretical formulation of the model will be discussed,
followed by the details of its numerical implementation based on an algorithm proposed by Katona [28]. The
validation of the new model is done by comparing the model simulation results against several experimental
data at the element level and also field measurements for a boundary value problem. In particular, at element
level the measured behavior observed from CRS and undrained triaxial tests over a number of different soft
clays are used. Within these examples, determination of model parameter values is also discussed. For the
boundary value problem, a well-studied test embankment, namely St. Alban embankment, is modeled and the
predicted deformations using the EVP-SANICLAY model are compared with the recorded in-situ values. In
order to better highlight the merits of the newly proposed constitutive model, the simulation results are also
compared with those obtained using the MCC model, the SANCILAY model, and also the EVP-SANICLAY model
but without the destructuration feature. Note that in this paper all stress components are effective stresses

and as usual in geomechanics, both stress and strain quantities are assumed positive in compression.

2 EVP-SANICLAY

2.1 Model formulation

According to Perzyna'’s theory, the total strain increment, Ag, associated with a change in effective stress,
Ao, during a time increment of At, is additively decomposed to elastic and viscoplastic parts
Ag = Ag® + Ae" ¢))
where the superscripts e and vp represent the elastic and the viscoplastic components, respectively. The

elastic strain increment, Ag¢, is time-independent; whereas, the viscoplastic strain increment, AgP, is
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irreversible and time-dependent. Adopting the isotropic hypoelastic relations for simplicity [12], the elastic
part of the total strain can be shown as

Ag® = D1 Ao 2
where D is the elastic stiffness matrix with more details presented in the Appendix, and symbol : in implies
the trace of the product of two tensors.
The time-dependent viscoplastic strain increment is evaluated as

AP = &P - At 3
where &P is the viscoplastic strain rate tensor (a superposed dot denotes the time derivative), and following

the original proposal by Perzyna [24-25], it can be defined as
ag
7P = 11 - (D(F)) - 4
7 = (0 (F)) o @

where u is referred to as the fluidity parameter, g is the viscoplastic potential function represented by the
dynamic loading surface (DLS - explained in the sequel), and ®(F) is the so-called overstress that is the
normalised distance between the current static yield surface (SYS) and the DLS (see Figure 1). The
application of Macauley brackets in Equation (4) ensures that

0 for ®(F) <0 c
®(F) for ®(F) >0 5)

Several different relationships for ®(F) have been proposed in the literature (e.g. [26,37]). In this work

@) =

the following exponential function proposed by Fodil et al. [38] is employed

d
CIJ(F)=exp(F)—1=exp[N<z—os—1)]—1 (6)
0
where p3 and p¢ are the size of the SYS and the DLS, respectively (see Figure 1), N is the strain-rate

coefficient that together with u are the two viscous parameters of this model.

=S:s < IM*(0)
static yield surface (SYS)

%S *d

dynamic loading surface (DLS)
~IM*(0)

Figure 1. Graphical representation of the EVP-SANICLAY model in the stress space

This specific choice of ®(F) ensures that its value is always greater or equal to zero. Thus, from Equation

(7) it is evident that if the stress state lies on or inside the SYS, the soil response would be purely elastic. If the
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stress state lies outside the SYS, viscoplastic strain will be developed proportional to its distance from the
current SYS.

In this work the elliptical surface of the SANICLAY model [12] is adopted as the SYS. The SANICLAY
model was originally proposed with a non-associated flow rule; however, for simplicity purposes an
associated flow rule is adopted here for its elastic-viscoplastic extension. In the general stress space, the SYS

function can be expressed as

Fo =5 (s~ pa): (s — pa)  (M"(0) ~ > a:ae) (s* ~ p)p = 0 @)

In the above expression, s = ¢ — pl is the deviatoric component of stress tensor ¢ (I being the fourth order
identity tensor). a is the deviatoric fabric tensor that accounts for anisotropy by coupling the deviatoric and
volumetric plastic strain rates. p;° = S;p$ defines the size of the structured SYS where S; > 1 is an isotropic
destructuration factor and pg is the size of the intrinsic SYS. M*(8) = S;M(6) where Sy > 1 is a frictional
destructuration factor and M(6) is the critical stress-ratio that in the general stress space its value is
interpolated between M, and M, by means of a Lode angle 6. In the stress space illustrated in Figure 1 the
scalar a = m defines the rotation of the SYS and DLS. As shown in Figure 1, the DLS has the same
shape and orientation as the smaller SYS, and following the adoption of associate flow rule it coincides the
viscoplastic potential surface too. A summary of the hardening equations and the Lode angle formulation are
presented in the Appendix for the sake of completeness.

The model constants of EVP-SANICLAY can be divided into 4 categories: (1) the elasticity constants k
and v and the critical state constants M., M, and 1 which are the same as those in the MCC model (with the
exception that in MCC we have M, = M_); (2) the rotational hardening (RH) constants C and x, which are
specific to the SANICLAY model; (3) the destructuration constants k;, k; and A4; and (4) the viscosity
parameters N and p, which constitute the two new additional parameters of the EVP-SANICLAY and they can
be determined as discussed in Yin and Hicher [31]. Furthermore, similar to the SANICLAY, a and pg constitute
the hardening internal variables in the EVP-SANICLAY model. It should be noted that despite the large
number of model parameters, they have clear physical meaning and can be determined following
straightforward processes. The detailed procedure for evaluating the initial values of the model state

variables, and hardening and destructuration parameters can be found in Taiebat et al. [13].

2.2 Numerical Integration

The numerical solution algorithm for the elasto-viscoplastic model can be developed by using a step-by-
step time integration algorithm with a Newton-Raphson iteration procedure [28]. In this scheme it is
assumed at the beginning of a certain defined time interval and strain increment, the values of stresses,
strains, and state variables are known. The objective is to determine the subsequent elastic and viscoplastic
strain components, which in turn allow finding the subsequent stresses and internal variables. From

Equations (1,2) the incremental constitutive relationship for a time step can be expressed as
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Ao = D(Ae — A&"P) ©)
For approximation of Ag"?, a finite difference scheme is employed as:

Ae’P = At[(1 — B)&T + &Y ,,] ©)
where éfp is the value of viscoplastic strain rate at time ¢ and £ is a time interpolation parameter (0 < 8 <
1); B = 0 represents an explicit forward (Euler) interpolation, § = 0.5 represents central (Crank-Nicolson)
interpolation, and § = 1 implies an implicit backward interpolation. Lewis and Schrefler [39] showed that in
this scheme the solution is conditionally stable for 0 < f < 0.5 and f = 1, and unconditionally stable for
0.5 < B < 1. Substituting Equation (9) into Equation (8) and rearranging the terms give:

D epnc +AL-B £, =0e—At-(1—p)EF + D 1o, (10)
where the terms on the right hand side are known (at time t), while the left hand side terms are unknowns
(attime t + At) and they are to be solved in an iterative procedure. A Modified Newton-Raphson approach is

used for the iterative solution of Equation (10). To do this, a limited Taylor series is applied to the unknown

s VP,
quantities o, and &, 5,

Orpr = 0; + do; (11a)
. UD
Eine = & T~ do (11b)

Note that subscript i refers to the i-th iteration at the current time step. Substituting Equations (11a)
and (11b) into Equation (10) and successive rearrangements result in the following form for computation of

stress increment:

Up -1
do; = [D—i +At-B- 0ci ] [(ae—At- (1 - )& + D 'io,) — (D70, + At B - £7)] (12)

do

If it is assumed that function K represents the term (As—At (1 —ﬁ)é"t’p +D_1at) with known
quantities remaining constant during the iteration, and that function U represents the iterative term
(D16, + At - B - £]7), then Equation (12) can be presented in a short form as:

-1

do =[] k-l (13)

The most efficient solution scheme for continuum problems using overstress-type elasto-viscoplastic
constitutive equations can be obtained with f = 0.5 [40]; hence, this value is adopted for the time
interpolation parameter in the present work. For the solution algorithm, at every time step Equation (13) is
iteratively solved. At each iteration do; is calculated and subsequently o; is updated as o; = 0,_, + do;.
When convergence is achieved (i.e. when do; < tolerance~1077), the iterative procedure stops and the
incrementally accumulated stress values will become the stresses at the corresponding time step (i.e., G¢4:);
subsequently, viscoplastic strain tensor can be calculated as elt’fm = g;.pr — D7104, ;- The implementation
makes it possible to apply the whole strain increment through a number of sub-increments, not all at once.
After the completion of the integration process at a time increment the procedure advances to the next time

step.
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The EVP-SANICLAY model has been implemented into PLAXIS finite element program as a user-defined
soil model in order to be used for both element level and boundary value problem simulations. In the
following, first the performance of the model is validated by simulation of a number of element test data on
various clays. The model is then used for settlement study of a real instrumented test embankment and the
simulation results are discussed in detail. The embankment simulation also aims to compare details of the
predicted response using the proposed model and also using an isotropic and rate-independent model that is

often used in practice.

3 Model validation based on element level tests

For the element test simulations the implemented user-defined model has been employed through the
PLAXIS Soil Test application [41] to simulate several undrained triaxial shear and CRS test data on four
different soft soils reported in the literature, namely Kawasaki clay, Haney clay, St. Herblain clay, and Batiscan
clay [14,16,42-43]. The values of model constants and state variables used for the four soil types analysed in
this paper are summarised in Tables 1 and 2. In accordance with the natural or reconstituted state of the clay
sample being simulated the destructuration feature of the model has been switched on or off by setting

respective values to the structuration parameters.

Table 1. Constants of the EVP-SANICLAY model adopted for four types of clays

Model constant

Kawasaki Haney St. Herblain Batiscan
Elasticity K 0.021 0.05 0.022 0.037
v 0.2 0.25 0.3 0.3
Critical state M, (M,)  1.65(1.24) 1.28 1.25 0.98
A 0.16 0.32 0.41 0.41
Rotational hardening C 12 12 10 12
x 2.6 2.4 1.5 1.7
Destructuration k; 0 1.5 0 1.4
kg 0 1.4 0 1.3
A 0 0.3 0 0.5
Viscosity N 12 17 9 12
u[s?] 7x10-6 5x10-11 5x10-9 2x10°9

Table 2. Initial values of state variables adopted for four types of clays

Model state variable

Kawasaki Haney St. Herblain Batiscan
Initial void ratio e 1.07 2 2.26 1.92
Initial size of the SYS po [kPa] 250 340 30 50
Initial rotation of the SYS a 0.60 0.43 0.46 0.36
Initial isotropic
structuration factor Si 1 6 1 3
Initial frictional s 1 13 1 15

structuration factor
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3.1 Kawasaki clay

To evaluate the strain-rate dependency, Nakase and Kamei [42] performed undrained triaxial
compression and extension tests with various shearing rates on anisotropically consolidated reconstituted
Kawasaki clay specimens. The index properties of Kawasaki clay samples were reported as plasticity index
Ip = 29.4, specific gravity G; =2.69, liquid limit w;, = 55.3%, plastic limit wp =25.9%, and clay content
22.3%. All tests were conducted under a vertical effective consolidation pressure of 392 kPa with a back-
pressure of 196 kPa in the consolidation stage. The samples were consolidated under a kp value of 0.42, and
then the samples were sheared in both compression and extension with axial strain rates of 0.7, 0.07, and
0.007%/min.

Kamei and Sakajo [44] reported the values of conventional soil parameters, such as k, 4, M and initial
void ratio, for the samples of Kawasaki clay. Based on the test data, the critical stress ratio in triaxial
compression and extension were measured as 1.65 and 1.24, respectively. Rotational hardening parameters
were determined according to Dafalias et al. [12]. For the simulations, the destructuration feature of the
model was switched off by setting S; = Sy = 1, as the soil specimens were reconstituted. Viscosity parameters
were determined through calibration based on data from tests at only two strain-rates.

Figure 2 shows the comparison between experimental and numerical results obtained using the EVP-
SANICLAY model. The tests were simulated considering the consolidation stage. As it is seen in the figure, the
response during triaxial compression has been captured very well by the model, while for the extension part
the results are less accurate, even though the Lode angle dependency was considered in order to better
reproduce the clay behavior in extension. As illustrated in Figure 3 of Taiebat et al. [13] this could be in part

due to adoption of an associated flow rule in the EVP model.
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Figure 2. Undrained triaxial test: (a) effective stress path; (b) deviator stress versus axial strain

It can be noted that in triaxial compression, a better comparison between experimental and numerical

results is achieved for higher strain rates. As the strain rate decreases, the numerical stress paths tend to be
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more lenient towards the critical state. As no destructuration was considered for this simulation and also
associated flow rule was employed, the modeling results did not reproduce a noticeable softening behavior
(Figure 2b). This is observed in both compression and extension. The initial stiffness of the curve was also
well represented. The Lode angle dependency of the model allows capturing the anisotropy in strength as it

was observed by Nakase and Kamei [42].

3.2 Haney clay

Vaid and Campanella [14] carried out undrained triaxial tests on undisturbed saturated sensitive marine
clay known as Haney clay. It is a silty clay with w;, = 44%, wp, = 26% and a sensitivity within the range of 6 to
10. All test samples were normally consolidated, with an all-around confining pressure of 515 kPa.
Consolidation was allowed for a period of 36 hr after which the samples were left undrained for 12 hr under
the consolidation stresses prior to shearing. In order to study the rate dependency of undisturbed clay
response, the undrained shearing stage of the tests was performed at different constant strain rates, varying
from 103 to 1.1% /min.

Values of conventional soil parameters listed in Tables 1 and 2 were reported by Vermeer and Neher
[45]. After determination of the initial value of «, the values of anisotropy constants, C and x, were obtained
via curve fitting. Destructuration parameter values were also calibrated via trial runs. Structuration factor
and destructuration constants influence the softening behavior after peak strength, and to a lesser degree, the
shear strength achieved. Figure 3a and 3b show the influence of frictional destructuration in soft clay
behavior. An increase of the frictional structuration factor leads to a larger softening behavior and a

noticeable decrease in shear strength (Figure 3a).
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Figure 3. Calibration of structuration and viscosity parameters for Haney clay: (a) influence of frictional

structuration parameter S¢ for a constant rate ks = 1.4; (b) influence of rate of frictional destructuration k¢

for a constant value of Sy = 1.3; (c) combined influence of viscosity parameters N and u

A similar, if less marked, behavior is seen in relation to the rate of frictional destructuration (Figure 3b),
with larger softening observed for higher destructuration rates. Viscosity parameter values were calibrated
based on the results of two tests (i.e. at two strain rates) only. As it is shown in Figure 3c, viscosity
parameters play an important role in the overall calibration of the model, particularly with regards to the
shear strengths achieved. In order to obtain an improved match with the experimental results, instead of the
default value of 0.5, a value of 0.3 was adopted for the destructuration parameter A.

For model simulations using EVP-SANICLAY, three specific strain rates, at 0.00094% /min, 0.15%/min
and 1.1%/min, have been taken into account to reproduce the observed shear stress-shear strain curves. Also
the peak strengths achieved at different strain rates were considered to evaluate the model performance. The
experimental versus numerical results are shown in Figure 4. It can be seen from the figure that the model
simulations compare very well with the observed behavior. The model, with its destructuration function on,
is able to simulate the softening behavior of natural clay response after peak (Figure 4a). Also Figure 4b
indicates that the model provides a reasonably good representation for the variations of maximum shear

strength with loading rate.
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Figure 4. Undrained triaxial compression tests: (a) deviator stress versus axial strain; (b) evolution of

maximum deviator stress with strain rate

3.3 St. Herblain clay

A particular CSR oedometer test was performed by Rangeard [43] on St. Herblain clay, a clayey river
alluvial deposit. Two different strain rates were considered during the test. The test was started with a strain
rate of 3.3X10-6s1 until an axial strain of 12%, at this strain the loading rate was lowered to a strain rate of
6.6 X107s1 and was kept at that until a vertical strain of 15.5%, then again the rate was switched back to the
initial strain rate and was kept constant until the end of the test.

Soil parameter values, obtained from oedometer and triaxial tests, were also reported by Rangeard [43].
The clay sample used for the experiments was taken from a depth of 6.5-7.5 m, it had a bulk unit weight
y =14.85kN/m3 and a water content of 87%. A vertical pre-consolidation pressure of 52 kPa was
determined from the oedometer tests. The model parameters adopted are summarised in Tables 1 and 2.

Given that the clay was slightly structured, for the simulations the destructuration feature of the model
was switched off. Figure 5 shows the experimental data versus simulation results. It can be seen that the
model predictions are in good agreement with the data, particularly with regards to vertical stresses. The

model also captures the indentation due to the change in strain-rate during the test.
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Figure 5. Simulations of CRS oedometer test results over St. Herblain clay

3.4 Batiscan clay

CSR oedometer tests were performed on Batiscan clay by Leroueil et al. [16]. The clay samples were
taken from a depth of 7.25 - 7.46 m; the samples reportedly had a water content of 80%, liquidity index I, =
2.7,1p = 21, and y = 17.5 kN/m3. The pre-consolidation pressure, determined from conventional oedometer
tests, was evaluated as 88 kPa. The strain-rates for the CRS tests varied between 1.7X10-8s"1 and 4 X10-5 s'L,
The initial vertical effective stress was taken equal to 65 kPa, corresponding to a size of the initial yield
surface of 50 kPa. Conventional soil parameter values reported in Tables 1 and 2 were obtained from Leroueil
etal. [16] and Rocchi et al. [46].

Combinations of initial degree of structuration and rate of destructuration have been studied and the
best coupled values were chosen for the numerical simulations. As it is shown in Figure 6a, larger values of
initial structuration S; result in a larger reduction of final vertical stress due to the higher softening occurring.
For a constant value of S;, the value of the rate of destructuration does not appear to have as much influence,
but it follows the same trend (Figure 6b), with higher rates leading to a higher vertical stress reduction.
Viscosity parameters are typically obtained from long-term oedometer tests via curve fitting. The calibration
of the coupled values is showed in Figure 6¢. Note that viscosity parameters greatly change the stress value at
the end of the initial stiff elastic regime. The calibrated model parameter values are summarised in Tables 1

and 2.

12
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Figure 6. Calibration of structuration and viscosity parameters for Batiscan clay: (a) influence of isotropic

structuration factor S; for a constant rate k; = 1.3; (b) influence of rate of isotropic destructuration k; for a

constant structuration value of S; = 3; (c) combined influence of viscosity parameters N and u

Model simulations using EVP-SANICLAY are shown in Figure 7. It is seen that a good correlation is obtained

between the numerical results and experimental data. Also clearly the strain-rate effects are well captured;

the exponential trend of the curves indicates the progress of destructuration at large strains.
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Figure 7. Oedometer test results: vertical strain versus vertical stress

Considering that all above element test simulations performed using EVP-SANICLAY, it appears that in
addition to the anisotropy and destructuration effects, the model is able to reasonably capture the strain-rate
dependency in behavior of natural clays. Also for the simulations preformed above, the model

implementation proved to be sufficiently robust.

4 Boundary value level modeling

In order to study the performance of the proposed elasto-viscoplastic constitutive model at the
boundary value level, the simulation of a test embankment was carried out. In particular, embankment D of a
set of four test embankments built on a soft, sensitive and cemented clay in Saint-Alban, Quebec, Canada was
selected [47-48]. This is a well-known and well-instrumented embankment for which soil parameters are

readily available in the literature.

4.1 Model description

Embankment D has a height of 3.28m, a uniform crest width of 7.6m and slope angles of 13.75°. The
embankment material consists of uniform medium sand compacted to a unit weight of 18.56 kN/m3. It was
constructed on 13.7 m deep natural clay deposit known as Champlain clay, underlain by a dense fine to
medium sand layer down to a depth of 24.4m [49]. The soft deposit is overlain by approximately 1.5 m thick
weathered crust. In order not to disturb the very soft and sensitive clay deposit at the site, the embankment
was built directly on the existing natural ground, without excavating the thin dry crust layer at the top. In this
work a two-dimensional plane strain finite element model of the embankment was created using PLAXIS AE
[41], and taking advantage of the symmetry, only half of the embankment was modeled. A finite element mesh
with 1723 15-noded triangular elements (Figure 8.a) was used for the analyses. Each element has pore water
pressure (PWP) degrees of freedom at corner nodes. Mesh sensitivity studies were carried out to ensure that

the mesh was dense enough to produce accurate results. The geometry of the finite element model is shown
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in Figure 8a. The far right boundary of the model was assumed at distance of 40m from the embankment
centerline. The bottom boundary of the clay deposit was assumed to be completely fixed in both horizontal
and vertical directions, whereas, the left and right vertical boundaries were only restrained horizontally.
Drainage was allowed at the ground level, while the bottom boundary was considered impermeable.
Impermeable drainage boundaries were also assigned to the lateral boundaries. Based on ground data, the
water table was assumed at 0.7m depth.

The embankment was built in stages, with an initial layer of 0.6m and after 6 days the normal
construction began (Figure 8.b), with an average rate of 0.24m/day [48]. The same construction pace was
adopted in the numerical model. For the calculation phases, plastic analyses were carried out corresponding
to the construction process of the embankment, after which the consolidation analysis was performed.

For the numerical analysis, the embankment itself was modeled with the simple linear elastic-perfectly
plastic Mohr-Coulomb model using the following reported values for the embankment material: Young’s
modulus E = 40,000 kPa, Poisson’s ratio v = 0.3, friction angle ¢p = 44°, and cohesion ¢ = 0 kPa. The dry crust
layer above the water table was also modeled with the Mohr-Coulomb model using shear modulus G = 880
kPa, Poisson’s ratio v= 0.3, ¢ = 27°, ¢ = 1 kPa. Unit weight y = 19 kN/m3 is used for both [47,50]. The
sensitive Champlain clay deposit below the water table was modeled using the implemented user-defined

EVP-SANICLAY model, with a unit weight y = 16 kN/m3 [47].
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Figure 8. (a) Geometry of the model embankment and the finite element mesh adopted; (b) construction

history of the St. Alban embankment D

The material parameter values for the Champlain clay layers were determined using the available data
obtained from testing of samples taken at a depth of 6m below the ground surface [15]. Conventional
parameter values were derived from existing studies based on soil element test results [47-48,50]. Similar to
the section on element level simulations, the anisotropy parameter values were determined following the
approach proposed by Dafalias et al. [12]. The destructuration parameters were calibrated against

experimental data available for undrained triaxial compression tests over samples of Champlain clay taken
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from a depth of approximately 3m [51]. For three tests presented in Figure 9 the samples were first

isotropically consolidated up to three different pre-consolidation pressures of 44, 66.6 and 77 kPa, and

subsequently sheared. Figure 9 shows a good agreement between the experimental data and the numerical

simulations both in terms of stress-strain response and of stress paths. The destructuration trend after peak

strengths was also well captured.
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Figure 9. Validation of numerical simulations versus experimental results for undrained triaxial compression

tests: (a) deviator stress versus axial strain; (b) effective stress paths

In the absence of appropriate soil test data, such as long-term oedometer tests with at least two different

strain rates, viscosity parameters were calibrated using trial runs.
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Table 3 summarises the soil and state parameters adopted for the simulation of St. Alban test
embankment, and Table 4 lists the calibrated anisotropy and destructuration parameter values. The
permeability, k, of the clay, assumed to be isotropic, was reported to be equal to 3.46 X104 m/day. It should
also be added that the initial state of stress was generated by adopting Ay-procedure [41] where the reported
Ko value of 0.8 was employed [52]. Results from oedometer tests performed on Champlain clay reported that
over-consolidation ratio (OCR) varied between 1.8 and 2.2 [47]; a mean value of 2.0 was assumed for the

analyses performed here.
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Table 3 - Constants of the EVP-SANICLAY model adopted for St. Alban test embankment D

Model constant Top Champlain clay Bottom Champlain clay

layer (0.7-1.5 m) layer (1.5-13.7 m)
Elasticity K 0.012 0.013
v 0.3 0.3
Critical state M, 1.07 1.07
M)
A 0.36 0.25
Rotational hardening C 10 10
x 1.7 1.7
Destructuration k; 1.5 1.5
ke 1.4 1.4
A 0.5 0.5
Viscosity N 13 13
u[s1 5x109 5x10-9

Table 4 - Initial values of state variables adopted for St. Alban test embankment D

Top Champlain clay Bottom Champlain

Model state variable layer clay layer
(0.7-1.5 m) (1.5-13.7 m)

Initial void ratio e 1.7 1.8
Overconsolidation ratio OCR 2.0 2.0
Initial rotation of the SYS a 0.41 0.41
Initial isotropic

structuration factor Si 45 45
Initial frictional s 12 12

structuration factor

In order to assess the performance of EVP-SANICLAY model, the finite element analysis of the
embankment was repeated twice where instead of the EVP-SANICLAY model the MCC model and the EVP-
SANICLAY model without destructuration (i.e., with §; = S, = 1) were used.

4.2 Simulations results

The results from numerical analyses were compared with the available field measurement data for the
time period following the construction [47,50,53]. Figure 10 shows settlement predictions versus time at the
node on the centerline at the base of the embankment (point A in Figure 8a), using different models. From the
figure it is clear that the proposed EVP-SANICLAY model gives a rather good prediction when compared to
the in-situ measurements. When destructuration is switched off, the model significantly underestimates the
settlement over time. The underestimation of settlement is even more pronounced with the MCC and
SANICLAY models; in this case the predicted settlement reaches an approximately constant value after 400

days, pointing out that the model is clearly time-independent.
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Figure 10. Time-settlement predictions versus field measurements at point A in Figure 8a

No additional field data is available for surface settlements recorded at different times, but a comparison
between the numerical results adopting different soil constitutive models can be made. Such numerical
simulation results are shown in Figure 11. Generally they all show a typical behavior, with the main vertical
settlements at the centerline of the embankment and diminishing values at larger distances from the
centerline. However, as consideration of soil viscosity during plastic deformation delays the consolidation
process, settlements through using EVP-SANICLAY (Figure 11d) represent more realistic deformation pattern
with time. The simulation performed using the MCC and SANICLAY (Figure 11a,b) clearly shows that with the
time-independent models the consolidation process completes rapidly after which the vertical deformation
stops. When the effect of soil structure is ignored (Figure 11c) a behavior similar to the complete EVP-
SANICLAY model is obtained, but with significantly lower values for the vertical settlement. This is expected,

given that Champlain clay is highly structured clay with a sensitivity value of about of 22 [15].
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Figure 11. Numerical simulation results for surface settlement using: (a) MCC model; (b) SANICLAY model;

(c) EVP-SANICLAY model without structure; (d) EVP-SANICLAY model

Pneumatic piezometers were installed at different depths underneath the embankment to monitor the
excess pore water pressure variations with time [48,50]. Figure 12 shows the 7n-situ measurements related
to a piezometer located on the centerline at a depth of 2.6m under the base of the embankment (point B in
Figure 8a). The excess PWP initially increased during the embankment construction and then gradually
dissipated with time. The figure also shows the results of numerical simulations with the models. As it can be
seen, a better approximation of the excess PWP variation is obtained with the EVP-SANICLAY model, in
comparison with the MCC, SANICLAY, and the anisotropic EVP model without structure. Interestingly, for the
SANICLAY and both of the EVP-SANICLAY model simulations, with and without structure, the maximum PWP
value is reasonably close to the field measurement, but when the initial structure and degradation of bonds
are not taken into consideration, a faster dissipation of excess PWP is observed. MCC model underestimates

the maximum excess PWP immediately after the construction; additionally, after the construction excess PWP
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is dissipated very quickly, contrary to the observed in-situ scenario. The observed delayed pore pressure

dissipation can be captured only when the viscosity of soil behavior is taken into consideration.

v = field data

----MCC

- - - SANICLAY
— — EVP-SANICLAY (unstructured)
——EVP-SANICLAY (structured)

IS
o
I

N
o
1

Excess pore pressure [kPa]

Rl i P

iU SO P S

T T 1
0 200 400 600 800 1000
Time [days]

o

Figure 12. Excess PWP predictions at point B in Figure 8a

Field data for lateral displacements at depth are not available for the embankment [54]; therefore,
simulation results presented in Figure 13, for the lateral deformation profiles at the toe of the embankment,
could not be compared with the actual measurements. From Figure 13d, EVP-SANICLAY model simulations
show deformation profiles similar in shape to what was reported for other embankment sites. For example in
case of St. Alban embankment B, the maximum lateral displacement was reported to have more than doubled
during the initial 4.5 years of consolidation [54], and the maximum value was at a depth of about 1m. The
MCC and SANCILAY models led to smaller lateral displacement near the surface (Figure 13a,b). For the EVP
simulations in Figure 13c,d, the lateral displacements increased near the surface, and delayed deformation
became more pronounced. When structure effects were ignored in the EVP model (Figure 13c), the general
shape of the lateral deformation profiles did not change much compared to Figure 13d but the predicted
values became smaller, without noticeable difference between the profiles at 1000 and 2000 days. Clearly
consideration of the soil initial structure and its degradation result in a greater pace of viscoplastic strain
developments. For example, monitoring the development of viscoplastic strains at point B under the
embankment, i.e. the position of the piezometer, it can be seen in Figure 14 that after an initial elastic
response, the viscoplastic strains begin to develop while still in the construction phase, and then continue to
evolve with consolidation progress. It is particularly apparent how ignoring soil structure effects lead to

significantly lower viscoplastic strain accumulation, a trend also observed in previous figures.
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Figure 13. Numerical simulation results for lateral displacement under the toe using: (a) MCC model; (b)
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SANICLAY model; (c¢) EVP-SANICLAY model without structure; (d) EVP-SANICLAY model

/./
18 —o—EVP-SANICLAY (structured) o
—0—EVP-SANICLAY (unstructured) /
— 16 1 o
X
c>l_l 14 -
=
© 12
17
o 10
B 8
c
Q. i
o o
o e O=0
D 41
>
2 m
0 4———rr——— i " ————rr————m
0.1 1 10 100 1000
Time [days]

Figure 14. Development of viscoplastic strains at point B in Figure 8a

4.3 Non-uniqueness of viscosity parameters

As already mentioned, calibration of viscosity parameters N and g has been done directly on the

embankment model as no appropriate test data has been available for the foundation soil. It should be
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pointed out that the Perzyna-type viscosity parameters for a particular clay are not necessarily a unique set
and more than one combination of the two viscosity parameters can be found for a clay, depending on how
one wants to fit the experimental data [55]. Figure 15 shows an example of how for three different sets of
viscosity parameter values it is still possible to obtain a good approximation of the field observation for
settlements at point A under the embankment. For these particular sets, a maximum difference of only 3%
was found among the vertical settlement results, and similar minor variations were observed among the

corresponding lateral displacement and excess PWP predictions.
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Figure 15. Illustrating the non-uniqueness of viscosity parameters for prediction of time-settlement at point A

in Figure 8a

4.4 Discussion on behavior during construction

Additional field measurement data on settlement and excess pore pressure generation during
embankment construction process is also available [48]. The data could be used to assess the performance of
the developed model in reproducing the short-term response of the embankment. Simulation results during
the construction are shown in Figure 16.

Figure 16a shows that at point A in Figure 8a, EVP-SANICLAY model somewhat underestimates the
results; although, as it was observed in Figure 74, it is then able to gain accuracy during consolidation. MCC
and SANCILAY, on the contrary, overestimates short-term settlements during the construction. In terms of
excess PWP at point B in Figure 8a, EVP-SANICLAY is able to give a good prediction of the pore pressure
generation during the embankment construction (Figure 16b). Based on EVP-SANICLAY predictions, PWP
develops rapidly during the construction until embankment reaches a height of approximately 2.31m
(corresponding to 16 days after the start of construction) when the excess PWP generation slightly
decelerates. From the figure, it is clear that the MCC model underestimates excess PWP generation during the
construction. Compared to the full EVP model, EVP-SANICLAY without structure provides lower predictions

of excess PWP generation after the stage at which the embankment reaches a height of 2.31 m.
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Figure 16. Field measurements versus numerical simulation results for the duration of construction: (a)
settlements at point A in Figure 8a; (b) excess pore water pressure at point B in Figure 8a; (c) development of

viscoplastic strains at point B in Figure 8a

Figure 16¢c shows the development of viscoplastic strains at point B under the embankment (i.e. at the
position of the pneumatic piezometer considered). The figure shows that the viscoplastic strains start to
develop when the embankment reaches a height of about 2.31m, which approximately corresponds to the

time when excess pore pressure generation changes its pace.

5 Conclusions

The response of natural soft soil is governed by anisotropy, structure and time-dependency. In this work,
in order to concurrently account for these advanced features of soil behavior a time-dependent elasto-
viscoplastic extension of a well-established anisotropic clay model, namely SANICLAY, has been proposed.
The model is numerically implemented in finite element program PLAXIS using an implicit integration

scheme. The performance of the model at the element-level has been validated against experimental data
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obtained from testing four different clays at both structured and un-structured states. Furthermore the time-
dependent behavior of St. Alban embankment D on the well-structured Champlain clay was analysed using
the proposed EVP-SANICLAY model. The paper presented the results for settlements, lateral deformations,
and excess PWP variations during the construction and the subsequent consolidation, comparing model
predictions with the field measurements where available. It was observed that the developed model
considers the delayed excess pore pressure dissipation following the completion of the embankment
construction reasonably well; hence it is able to yield more realistic predictions of the long-term vertical and
horizontal deformations. The boundary value problem simulation results also illustrated that considering
clay initial structure and subsequent destructuration effects significantly improve the accuracy of predictions,
particularly when dealing with a highly sensitive soft clay such as Champlain clay. Furthermore, the model
also predicted the immediate displacements as well as the development of excess pore pressures during early
stages of construction with reasonable accuracy.

In general, EVP-SANICLAY proved to be able to much better predict both short- and long-term behavior
of natural clay behavior when compared with a commonly used critical state based model such as MCC, and

also the SANCILAY model.
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Appendix

For the sake of completeness of presentation, some of the key components of the SANICLAY model that
are not presented in the main body of this paper are summarized here. Both stress and strain quantities are
assumed positive in compression (as is common in geomechanics), and the effect of this sign convention has
been considered on the model equations. All stress components in this paper should be considered as
effective stress. Finally, in terms of notation, tensor quantities are denoted by bold-faced symbols and
operations explained accordingly.

The hypoelastic formulation, considered for simplicity, constitutes of a shear modulus G, for calculating
increments of elastic deviatoric strains, and a bulk modulus K, for calculating increments of elastic volumetric
strains, where

_3K(1-2v) o Pdte

= Sy - (A1)

where v is the Poisson’s ratio, e is the void ratio, p = (tra)/3 is the mean effective stress (where tr stands for

the trace), and « is the slope of elastic swelling lines in the e — Inp space.
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The isotropic hardening law of the model describing the evolution of the size of structured SYS, i.e. py°, is
defined as
Be = S,p5 + Sis (A2)
where S; is the evolution rate of the isotropic destructuration factor (explained in the sequel), and
s =[(1+e)/(A—K)]pyé,’ is the evolution of the size of SYS, that is a proportional to viscoplastic
volumetric strain rate, with A indicating the slope of normal compression line.

The rotational hardening law describing the evolution of fabric anisotropy with viscoplastic staining can

be expressed in the general stress space as:

i = (/11 i “)e (;10)2 Ed E (r — xa): (r — xa)]l/z (@ —a) +d (A3)

In the above equation, @, = (Sf /Sf)a controls the contribution of destructuration over the change of

orientation of the yield surface (S'f explained in the sequel); r = s/p is the shear stress ratio; a® = /2/3 Mn,
is the bounding ‘image’ stress-ratio tensor, where n, is an auxiliary unit tensor defined as n,, = ||(r/x) — ||
and || || denoting the norm operator; and |£,”| is the absolute value of the viscoplastic volumetric strain
rate.

In order to express the isotropic and frictional destructurations, an axillary internal variable called the

destructuration viscoplastic strain rate, é;p, is defined by

. vp\2 p\2
er = [ - Er) + a) (a4)
where £, and é;p are the volumetric and deviatoric viscoplastic strain rates, respectively, and A is a model

parameter could be set to 0.5 as a default value. The evolution equations for the S; and Sy read

. 1+e
. l1+e . A6
Sy = —ks (/1 - K) (S —1)& (40

where k; and k¢ are model parameters.

As indicated in model formulation section, the critical stress-ratio is defined as a function of the Lode
angle 6. To regulate the variation of M(0) between its values M, for compression and M, for extension, the
expression proposed by Sheng et al. [56] has been adopted here which reads as

M@ =M 2m’ . (A7)
- \1+m*+ (1 -m*)sin36 '

where m = M,/M,, —n/6 <0 = (1/3)sin‘1[—3\/§]3/(2]23/2)] < m/6, with J, and J; being the second and

third invariants of the modified stress deviator s — pa.
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