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Abstract:  Conventional consolidation tests on reconstituted specimens of numerous natural soft clays show a decreasing of
creep index C,, with increasing soil density. Based on all selected and conducted experimental results, a modified creep index Cye
defined in double logarithmic plane lge-lgt, was plotted for various clays, from which C,. can be assumed as a constant for
different soil densities. Then, the modified creep index was applied to a newly developed elastic viscoplastic model. In this way,
the modified creep index C,, can naturally take into account the nonlinear C,, revealing the influence of soil density in the soil
assemblies without additional parameters. Finally, the enhanced model was incorporated into the finite element code ABAQUS
and used to simulate a consolidation test and a test embankment. The improvement of simulations by the modified creep index was

highlighted by comparing simulations using the conventional creep index Ci.
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1 Introduction

From real construction projects, it is well known
that soft clays exhibit time-dependent behaviors due
to their viscosity (Mesri and Godlewski, 1977;
Leroueil et al., 1985; Yin et al., 2002; Augustesen et
al., 2004; Yin and Hicher, 2008; Yin and Wang,
2012). The creep index C,, conventionally expressed
by Cy=Ae/Algt (where e is the void ratio and ¢ is the
time) based on conventional consolidation test (1D)
(Fig. 1), is widely used to describe the time-dependent
behavior and develop viscoplastic models (Kutter and
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Sathialingam 1992; Leoni et al. 2008; Yin et al.,
2010; 2011a; 2011b; Zhu et al., 2013). In these mod-
els, Cy 1s usually suggested as a constant value.
However, this method has a flaw that when the time
up to infinite, the void ratio will become negative.
Therefore, a precise and reasonable description of C,
is practically important for viscoplastic modelling of
soft clays and geotechnical simulations.

In this study, the evidence of C,. variation with
void ratio (reflecting soil density) is first investigated.
The limitation of current approaches in describing the
C,. variation is then discussed. A modified creep
index is proposed based on this C,. variation of soft
clays. Applying this modified creep index to an elas-
tic viscoplastic model, an enhanced model accounting
for the influence of soil density in soils is developed.
The model is implemented into a finite element code
and used to simulate a 1D consolidation test and a test
embankment for the validation.
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2 Evidence of C,. variation with void ratio

Conventional consolidation tests on six clays in
various studies and two clays in the present study with
their physical properties (Table 1) were selected. All
of the selected experiments were conducted on re-
constituted specimens to eliminate the effect of de-
structuration. The plasticity chart of these soils is
shown in Fig. 2 plotted by liquid limit wy and plastic-
ity index /p. According to this chart, all selected clays
cover low plastic and high plastic inorganic clays.

Since the void ratio can reflect the physical
conditions and represent the deformation potential of
soils, the evolution of C,. for all selected clays was
plotted against the void ratio (Fig. 3). Although the
initial void ratio for all selected clays is varied, the
creep behavior of each clay at a normally consoli-
dated range is almost the same from Fig. 3a to Fig. 3h,
i.e., Cye 1s decreasing with a decreasing of the void
ratio for all clays.

Igt

End of primary

/ consolidation

11g cycle

Fig. 1 Definition of creep index
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3 Limitation of current approaches

To describe the evolution of C, during creep,
based on the experiments on Hong Kong deposited
clay, Yin et al. (2002) proposed a formulation ac-
cording to the nonlinear behavior of C:

(1)

where £ is the rate of viscoplastic volumetric strain;

V=l+e, is the initial specific volume and ey is the
initial void ratio; Cye is the initial value of C,. for
each load stage; 7 is a time-dependent parameter, and
=1 d corresponding to the 1D consolidation test; &y
is the volumetric strain relating to the current mean

effective stress pnm; &, is the reference volumetric

vm

150 1
CL: low plastic inorganic clays, sandy and silty clays

OL: low plastic inorganic or organic silty clays

CH: high plastic inorganic clays
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Fig. 2 Classification of soils by plasticity chart

Table 1 Summary of creep indexes and physical properties of typical reconstituted clays under normally consoli-

dated state

Applied stress corre-

*

Clay Coe sponding to C.,, (kPa) Coe e Wi, Ip Reference
Nanjing clay 0.007-0.011 25-1600 0.0056 - 44 21 Zengetal (2012)
Lianyungang clay ~ 0.023-0.039 25-800 0.0096 - 86 55 Zengetal (2012)
Suurpelto clay 0.0117-0.0585 80—640 0.0122 2.66 80 57 Stapelfeldt e al. (2007)
Murro clay 0.0184-0.0375 11-600 0.0082 2.02 88 54 Karstunen and Yin (2010)
HKMC® 0.0163-0.054 1003200 0.0053 150 60 32 Yinetal (2002)
Shanghai clay 0.0072-0.0086 100-800 0.0043 127 51 246 Lietal (2012)

Ningbo clay 0.006-0.0095 200-1600 0.0061 090 39.5 16.5 Thisstudy
Wenzhou clay 0.0078-0.0132 50-1600 0.0054 138 63 35 Thisstudy

" HKMC: Hong Kong Marine clay
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strain corresponding to pmo; €., is equal to ey/V.

Eq. (1) describe that C,. decreases with time under
constant stress levels without extra model parameters.
However, when the applied stress is changed, the
strain-rate is always accounted from the initial value
Cueo and there will be a jump of C, between two
different stress levels. As a result, this formulation
cannot reproduce the consecutively decreasing C.
with different stress levels or soil densities. Later on,
Karim et al. (2010) proposed a function describing
the nonlinear behavior of C,. by the distance between
the current and initial stress level. However, this
method has the same deficiencies as Eq. (1).

Based on the linear relationship between (1+e)
and ¢ in the double logarithmic plane, Zeng et al.
(2012) gave a definition of Cy as

_Aln(l+e)

ol

Ae _ C,. @)
Alnt (1+e)Alnt  (1+¢)Inl0’

Eq. (2) describes that C,. will consecutively de-
crease with decreasing void ratio. However, due to its
mathematical structure, Eq. (2) will deduce a negative
void ratio when the creep is infinite.

———g=—= C_
002 Nanjing clay 0.05r Lianyungang clay
Ave., C,,=0.0056 Ave., C,,=0.0096
0015  SD, X=0.00050 0.04r & sD, x=0.00087
X 1C,,=0.089 WX / C,=0.091
x o o 0.03f S
L 001} 3 ®
Q Q 0.02f
0.005 F~7""" L adi
0.01F--- grg-ure-o2--
e ——— b
1 0 25 1.5 0.5
(a) Void rato, e (b) Void rato, e
0.021
HKMC 0.02 Shanghai clay
Q@ Ave, C,,=0.0053 Ave., C. =0.0043
0.015 % sp, x=6.00047 0.015 SD, X=0.00029
\ C,=0.0897 C =0.067
[ 5 y ’
3 001F \ 3 0.01
Q B 2
. % %
0.005F---g.0rg®-§ - -- 0.005 |
_____ - -
0 ; . . 0 . . )
1.5 1 0.5 0 1.5 1 0.5 0
(e) Void rato, e (f) Void rato, e

e

Zhu et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng) 2014 15(4):272-281

In conclusion, it is desirable that the creep for-
mulation at least should have the following attributes:
(1) Cye should consecutively decrease with the ap-
plied stress level or soil density; (2) the void ratio
should always be positive during creep.

4 Proposed modified creep index
In this study, we proposed a modified creep in-
dex Cye defined as the slope of the lge-lgf curve of

1D consolidation test, which can be written as

+ Alge  éle 1 C
Algt InlOAlgt eInlO

)

ae

Comparing Eq. (3) with Eq. (2), the only difference is
that 1+e is substituted by e. The definition method for
Cye is similar to the concept adopted by Hong and
Onitsuka (1998) and Hong (2007) in the studies of
compression curves in double logarithm planes for
natural clays.

With Eq. (3), we calculated C,e of all the se-
lected clays in Fig. 3 at different void ratios. Then, the

---.--- C(;e
0.081 0.05 Murro clay
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Fig. 3 Conventional consolidation tests on reconstituted clays (a)—(h): creep index C,. and modified creep index
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evolution of Cae* with void ratios was also plotted in
Fig. 3. It can be found that for all clays C,e slightly
changes with the void ratio, and can be assumed as a
constant. Then the average Ce for clays was calcu-
lated and plotted in Fig. 3 with the horizontal dash
line. Furthermore, the standard deviation (SD,

X =E[x—E(x)]’, x represents random variable

values and E(x) is their average value) and the ratio of
the SD to the averaged Cm: (X/Cm:) were calculated
and listed on each figure. As shown in Fig. 3, X/Cye
varies from 0.034 to 0.121. Generally speaking, errors
are within the acceptable range for geomaterials.
Therefore, it is reasonable to consider Cae* as a con-
stant. Therefore, based on Eq. (3), the value of the
creep index decreasing with a decreasing of void ratio
is obtained by

C,. =C,.elnl0. 4)

Actually, Eq. (4) can capture all the essential features
listed above for a creep formulation. First, Eq. (4) can
be easily incorporated into elastic viscoplastic models
without any additional parameters. Second, C,. is
related to the void ratio; therefore, C,. will decrease
consecutively with the void ratio during creep or
loading. Third, benefiting from the mathematical
structure of the logarithmic scale, the void ratio can
always be positive when creeping.

In addition, based on the available experimental
tests, we investigated the correlations between Cae*
and the Atterberg limits. Figs. 4a and 4b show the
variation of C,e with wy and Ip, respectively. Fig. 4c
shows that the accuracy of the correlation of Cue* with
wr and Ip is increasing by using a simple linear for-
mula based on the method of least squares with
R*=0.8696. Therefore, the correlation of Ca: with the
Atterberg limits is proposed as follows:

C.. =0.0101-0.000375@, +0.000567,. (5)

5 Elastic viscoplastic (EVP) model using a
modified creep index

In this section, the proposed modified creep in-
dex will be incorporated into a recently developed

elastic viscoplastic (EVP) model to consider the den-
sity effect of soft clays.

0.02 0.02
(a) (b)
y20.0001x+0.0003 =0.0001x+0.0019 .
¢ R=05443 RP=0.7062
g 0.01 4 0.01 :
$ $
© <
0
0 50 100 %920 40 &0

WL Ip

C,'=0.0101-0.000375w, +0.00056/p
R?=0.8696

Fig. 4 Relationship between modified creep index C,." and
Atterburg limits

5.1 Brief introduction of adopted EVP model

Recently, based on the strain rate-dependency of
the preconsolidation pressure, Yin et al. (2010;2011a;
2011b) developed an EVP model which can consider
the characteristics of anisotropy, destructuration and
viscosity of natural clays. The key constitutive rela-
tionships are:

g, =——Cy+———— 'S
PG 3(1+e0)p'p v
A=K 110 (6)

C M2 =) pt e o,

+ oe c KO0 Lm d
(I+e)rIn10 (M —ng,) \ py, do,
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dy =—x5(|de” [+6,dss"), )

where oy and oy are the deviatoric stress and fabric
tensor, respectively; p’ is the mean effective stress;
P equals size of reference yield surface; p. repre-
sents the size of the dynamic loading surface relating
to the current stress state; the soil constants & and &
control the effect of viscoplastic volumetric (&’ ) and
deviatoric (&,”) strains in destroying the bonds; fg is
the dynamic yield surface; G is the shear modulus;
7 18 the Ky consolidation critical stress ratio. Model
parameters with their definitions are summarized in
Table 2. Details of the model can be found in (Yin et
al., 2010; 2011a; 2011b). As determined by Kutter
and Sathialingam (1992), the constitutive relationship
Eq. (6) follows the hypothesis of Bjerrum (1967) that
there is no “instant compression” in elastic strains,
which does not mean the creep does not occur before
the end of the primary consolidation (EOP).

Table 2 Model parameters and definitions

Group Parameter Definition
o Initial reference preconsol-
O-p() 1 1
idation pressure
e Initial void ratio
Standard v Poisson’s ratio
model pa- Swelline ind
rameter K welling index
A Intrinsic compression index
Slope of the critical state
line
o Initial anisotropy
Anisotropy w Afbsolute r.ate of yield sur-
parameter ace rotation .
Relative rate of yield sur-
[ .
face rotation
X0 Initial amount of bonding
Destructu- £ Absolute rate of bond deg-
ration pa- radation
rameter ‘ Relative rate of bond deg-
d radation
Viscosity x .
Creep inde
parameter Cac P x
Hydraulic kv, kno Initial permeability
parameter Ck Permeability coefficient

5.2 Incorporation of modified creep index

Substituting Eq. (4) into Eq. (6), the constitutive
equation in the form of total strain-rate can be written
as

b s
Y267 3(1+e)p' !
pes (10)

Coe (MZ —ag)( py | Oy
(I+e)r (M —mz) \ P oo’

y

Then, the EVP model was enhanced by considering
the density effect of soft clays. According to Eq. (10),
no additional parameter is required in comparing with
the older equation versions of Yin et al. (2011a;
2011b). The value of C,e can be easily measured
based on the conventional consolidation test or by the
Atterberg limit based on Eq. (5).

5.3 Finite element implementation

Based on a numerical solution proposed by
Katona (1984), the original and enhanced elastic
viscoplastic models were numerically implemented
into the finite element code ABAQUS (version 6.10)
as user-material soil models.

For a soil-water coupled analysis based on Biot’s
consolidation theory, the load increment is given by
applying the principle of virtual work to the equilib-
rium equation. The coupled analyses of the finite
element method are well conducted by various studies
(Oka et al., 1986; Hinchberger and Rowe, 1998;
Karstunen and Yin, 2010). According to experimental
data, the evolution of the permeability with the void
ratio can be described as

k =k, 100 (11)
where the initial permeability k&, is corresponding to
the initial void ratio; permeability coefficient ¢, can
be easily measured from the 1D consolidation ex-
perimental results by plotting e-lgk. The sensitive
study of parameters in the model have been discussed
in details by Yin et al. (2010; 2011a; 2011b). Con-
sequently, the emphasis of the following section will
only focus on the effectiveness of the proposed creep
index.

6 Model verification

To evaluate the predictive ability of the enhanced
model considering the soil density effect, a 1D
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consolidation test on a reconstituted specimen of
Wenzhou clay and a test embankment were simulated.

6.1 1D consolidation test

A full load stage 1D consolidation test was
conducted on Wenzhou clay with its creep indexes
shown in Fig. 3h. The destructuration process of re-
constituted clays are neglected. Therefore, the pa-
rameters related to soil structure are set to zero in the
simulation. The values of other parameters measured
from laboratory tests are summarized in Table 3.

Table 3 Parameters of EVP model for the consolidation
test on Wenzhou clay

v A K ey M,
0.3 0.185 0.035 1.38 1.23
Coe o’y (kPa) T kyo (m/h) Cx

0.0054 40 24 3.6x107 0.6

The modified creep index Cue*:0.0054 was used
in the simulation as plotted in Fig. 3h. To highlight the
improvement by the consideration of the soil density
effect, two additional simulations were carried out
with constant C,.=0.0138 (the maximum value shown
in Fig. 3h) and 0.0087 (the minimum value shown in
Fig. 3h).

All simulated results and experimental data were
plotted in terms of the void ratio versus time. Fig. 5
shows that the simulated results of C,=0.0138
without density effect keep a high creep rate, and the
simulated results of C,.=0.0087 without density effect
keep a low creep rate during the test. By comparison,
it can be seen that the simulation of Cae*= 0.0054 with
density effect can predict the consecutively decreas-
ing creep rate with stresses and void ratios. Thus, the
consideration of the soil density effect can greatly
improve the predictive ability of the EVP model. Note
that the identical predicated void ratio by models with
and without accounting for the density effect at the
end of each load stage with 1 d duration is assured
following the principle of the model. Thus, the com-
parison of the creep rate between different models can
be clearly observed.

6.2 Murro test embankment
6.2.1 Element properties and boundary conditions

The Murro test embankment was constructed on
a soft clay deposit in Finland in 1993, which has been

studied by Karstunen et al. (2005), Karstunen and Yin
(2010) and Yin et al. (2011a; 2011b). In the finite
element method analysis, the plain strain condition
was assumed and the finite element mesh is shown in
Fig. 6. The groundwater table was located at a depth
of 0.8 m. The horizontal boundary was 36 m away
from the embankment center-line and the vertical
boundary is at a depth of 23 m. The horizontal dis-
placements were fixed in the lateral boundaries, and
the vertical and horizontal displacements were fixed
at the bottom. The finite element model consists of
1680 elements resulting in 4562 nodes. The stress-
strain behavior of the embankment fill was modelled
by Mohr-Coulomb model and typical values of model
parameters were summarised as: Young’s modulus
E=40000 kPa, Poisson’s ratio v=0.35, friction angle
#=40°, and unit weight y=19.6 kN/m’. The construc-
tion of the embankment took 2 d and the same was
simulated in the modelling.

©  Experiment

--- Density effect 1: Cae=0.0138
15} - = - Density effect 2: Cae=0.0087
—— No density effect: Cge =0.0054
12.5 kPa
5 kPa
50 kPa
) 100 kPa
& 200 kPa
o
S 400 kPa
800 kPa
1600 kPa
0.5 L . . . ,
0.1 1 10 100 1000 10000

Time (min)

Fig. 5 Simulations of 1D consolidation test on reconsti-
tuted Wenzhou clay

Water table

Fig. 6 Finite element analysis mesh
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6.2.2 Parameters of foundation clays

1D consolidation tests on high quality natural
clays were conducted and selected to determine the
parameters for the enhanced model. The modified
creep index Cye =0.0082 determined from Murro clay
at 7 m depth (Fig. 3d) was used for layer 4. Using the
same method, we also measured Cae* for all the other

layers and used it for the simulation, as listed in Table 3.

Other parameters used in the modelling by Karstunen
and Yin (2010) and Yin et al. (2011a; 2011b) were
adopted (Table 4) and the details of the process of
determination will not be repeated here. To study the
influence of soil density, one extra test was simulated
with a constant C,. as listed in Table 4. The constant
C, for each soil layer was the averaged value of C, at
the normally consolidated state.

6.2.3 Settlements

Figs. 7a and 7b present the simulated and ob-
served surface settlements under and 5 m off the
centreline of the embankment, respectively. Both

creep and modified creep models can very well pre-
dict the surface settlements in the short term. The
major difference can be found between the simula-
tions with and without consideration of the soil den-
sity effect after 1000 d of construction. However, their
differences become larger with time increasing. In
short, the simulation according to density effect leads
to a smaller settlement due to the fact that the creep
rate is reduced with the decreasing void ratio. In
conclusion, the comparison shows that the consider-
ation of density effect only influences the long-term
settlement behavior.

6.2.4 Horizontal displacements

Fig. 8 shows the simulated horizontal displace-
ments of inclinometer 12 by both creep and modified
creep models. At 754 d after construction, both mod-
els gave the same trend for the horizontal displace-
ment. However, the simulation considering the den-
sity effect predicted very well the maximum values
with the depth. At 3201 d after construction, the
simulation considering density effect predicted a

Table 4 Enhanced EVP model parameters for subsoil of Murro embankment

3

Depth (m) y (kN/m?) e M, Ko K A v Coe
0.0-1.6 16.1 1.57 1.7 1.25 0.01 0.18 0.3 0.0051
1.6-3.0 15.7 1.81 1.7 0.34 0.024 0.18 0.3 0.0061
3.0-6.7 14.4 2.45 1.65 0.35 0.041 0.25 0.3 0.0081

6.7-10.0 15.2 2.16 1.5 0.4 0.024 0.21 0.3 0.0082

10.0-15.0 15.7 1.76 1.45 0.42 0.024 0.21 0.3 0.0061

15.0-23.0 16.2 1.53 1.4 0.43 0.02 0.15 0.3 0.0053

Depth (m) o—go/ (kPa) Zo & & kyo (m/h) ko (m/h) Cx Coe
0.0-1.6 100 2.5 5 0.2 6.5x107* 8.3x107* 0.43 0.0201
1.6-3.0 22 6 12 0.2 2.0x107° 2.6x107° 0.65 0.0224
3.0-6.7 22 6 9 0.2 1.6x107° 2.2x107° 0.69 0.0278

6.7-10.0 22 6 10 0.2 1.0x107 i04x107 0.49 0.0254
10.0-15.0 35 4 5 0.2 5.4x107° 7.2x107° 0.44 0.0219
15.0-23.0 40 6 8 0.2 2.2x107° 2.9%x107° 0.45 0.0198
0
(a)
—~ 05 R
: :
S ak N <
E & S2: centreline \‘\ %
g o S5: centreline \\ % o S4:5m off >
? 15F o S7:centreline » 15t o S6:5moff
———- Density effect ==== Density effect
— No densitly effect No density effect
-2 1 1 1 2 1 ¥ 1
1 10 100 1000 10000 100000 1 10 100 1000 10000 100000
Time (d) Time (d)

Fig. 7 Surface settlements under (a) and 5 m off (b) the centerline
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Fig. 8 Horizontal displacement at 12: (a) 754 d; (b) 3201 d, and (c) 100 years after construction

slightly smaller displacement, but also gave an exact
depth of the maximum horizontal displacement. At
100 years after construction, the same trend was pre-
dicted for horizontal displacement as with the 3201 d
and their differences are becoming more and more
obvious. Fig. 8 also compared the influence of the soil
density on the horizontal displacement and the results
show that the influence of soil density is less im-
portant than that on the settlements. Note that the
differences between simulations and measurements
for the horizontal displacement below 13 m were also
observed, and this unsatisfying result is probably due
to the constant Poisson’s ratio which needs further
studies.

6.2.5 Excess pore pressure

Fig. 9 presents the model simulations with and
without the soil density effect for excess pore pressure
in the subsoil at 12 m below the ground surface,
which before 300 d after construction. The model
considering density effect predicted a slightly higher
excess pore pressure. However, both simulations
show the excess pore pressure gradually dissipating
with time and the influence of considering the density
effect on its evolution is negligible. Since the dissi-
pation rate of excess pore pressure in the subsoil de-
pends mainly on its permeability, thus, the results are
reasonable.

Although the predicted horizontal displacements
and excess pore pressure by using parameters meas-
ured from laboratory tests are generally a little un-
satisfactory with the measurements, it does not overly
influence the emphasis of this study by comparing the
results with and without consideration of the soil

40

= U7-12m
=-=== Density effect
—— No density effect

Excess pore pressure (kPa)

0 1

1 10 100 1000 10000 100000
Time (d)

Fig. 9 Excess pore pressure at point U7 (12 m depth below
ground surface)

density effect. Actually, due to the sample disturbance,
the values of the parameters are difficult to be ob-
tained precisely for soft sensitive clay. If the sample
disturbance is accounted for by measuring parameters,
then the prediction will be improved, which needs to
be further investigated. However, it does not mean
that the consideration of the soil density effect is not
necessary.

7 Conclusions

The evolution of creep index C,. was investi-
gated throughout the conventional consolidation test
on reconstituted specimens of eight natural soft clays.
The consecutively decreasing results of Cg with the
void ratio were studied. Then, a modified creep index
Cue Was proposed in the Ige-lgz plane. Experimental
results show that Cg. * can be assumed as a constant
for soft clays.
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The proposed modified creep index was substi-
tuted into a recently developed EVP model to con-
sider the influence of soil density. No extra parame-
ters and no extra experimental costs are needed for the
enhanced model. The model was then introduced into
the finite element code ABAQUS for analyzing
boundary value problems.

The enhanced model was firstly verified by
simulating a 1D consolidation test on a reconstituted
sample of Wenzhou clay. Two simulations according
to test for the presence of a density effect or not were
made and compared to the observed results. The
comparisons show that the enhanced model deter-
mines very well the consecutively decreasing prop-
erty of C, during the test.

Furthermore, the enhanced model was used to
simulate an embankment. The simulation was also
compared to that without considering the density
effect. Comparisons demonstrate that: (a) accordingly,
the density effect for creep influences significantly
the long-time settlement; (b) for horizontal dis-
placement, the influence of the density effect con-
sideration is less significant than that for the settle-
ment; and (c) the density effect on the dissipation of
excess pore pressure can be neglected.

References

Augustesen, A., Liingaard, M., Lade, P.V., 2004. Evaluation
of time-dependent behavior of soils. International Jour-
nal of Geomechanics, 4(3):137-156. [doi:10.1061/
(ASCE)1532-3641(2004)4:3(137)]

Bjerrum, L., 1967. Engineering geology of Norwegian
normally-consolidated marine clays as related to settle-
ments of building. Géotechnique, 17(2):81-118. [doi:10.
1680 geot.1967.17.2.83]

Hinchberger, S.D., Rowe, R., 1998. Modelling the rate-
sensitive characteristics of the Gloucester foundation soil.
Canadian Geotechnical Journal, 35(5):769-789. [doi:10.
1139/t98-037]

Hong, Z.X., 2007. Void ratio-suction behavior of remolded
Ariake clays. Geotechnical Testing Journal, 30(3):234-239.

Hong, Z.X., Onitsuka, K., 1998. A method of correcting yield
stress and compression index of Ariake clays for sample
disturbance. Soils and Foundations, 38(2):211-222.
[doi:10.3208/sandf.38.2_211]

Karim, M.R., Gnanendran, C.T., Lo, S.C.R., et al., 2010.
Predicting the long-term performance of a wide em-
bankment on soft soil using an elastic-viscoplastic model.
Canadian Geotechnical Journal, 47(2):244-257. [doi:10.
1139/T09-087]

Karstunen, M., Yin, Z.Y., 2010. Modelling time-dependent
behaviour of Murro test embankment. Géotechnique,

60(10):735-749. [doi:10.1680/geot.8.P.027]

Karstunen, M., Krenn, H., Wheeler, S.J., et al., 2005. Effect of
anisotropy and destructuration on the behavior of Murro
test embankment. International Journal of Geomechan-
ics, 5(2):87-97. [doi:10.1061/(ASCE)1532-3641(2005)5:
2(87)]

Katona, M., 1984. Evaluation of a viscoplastic cap model.
Journal of Geotechnical Engineering, 110(8):1106-1125.
[doi:10.1061/(ASCE)0733-9410(1984)110:8(1106)]

Kutter, B.L., Sathialingam, N., 1992. Elastic-viscoplastic
modelling of the rate-dependent behaviour of clays.
Géotechnique, 42(3):427-441. [doi:10.1680/geot.1992.
42.3.427]

Leoni, M., Karstunen, M., Vermeer, P.A., 2008. Anisotropic
creep model for soft soils. Géotechnique, 58(3):215-226.
[doi:10.1680/geot.2008.58.3.215]

Leroueil, S., Kabbaj, M., Tavenas, F., et al., 1985. Stress-
strain-strain rate relation for the compressibility of sensi-
tive natural clays. Géotechnique, 35(2):159-180. [doi:10.
1680/geot.1985.35.2.159]

Li, Q., Ng, CW.W,, Liu, G., 2012. Low secondary com-
pressibility and shear strength of Shanghai Clay. Journal
of Central South University, 19(8):2323-2332. [doi:10.
1007/s11771-012-1278-9]

Mesri, G., Godlewski, P., 1977. Time and stress compressi-
bility interrelationship. Journal of the Geotechnical En-
gineering Division, 103(5):417-430.

Oka, F., Adachi, T., Okano, Y., 1986. Two-dimensional con-
solidation analysis using an elasto-viscoplastic constitu-
tive equation. International Journal for Numerical and
Analytical Methods in Geomechanics, 10(1):1-16.
[do0i:10.1002/nag.1610100102]

Stapelfeldt, T., Lojander, M., Vepséldinen, P., 2007. Deter-
mination of horizontal permeability of soft clay. Pro-
ceedings of 17th International Conference on Soil Me-
chanics and Foundation Engineering, Madrid, 3:1385-
1389.

Yin, J.H., Zhu, J.G., Graham, J., 2002. A new elastic visco-
plastic model for time-dependent behaviour of normally
and overconsolidated clays: theory and verification. Ca-
nadian Geotechnical Journal, 39(1):157-173. [doi:10.
1139/t01-074]

Yin, Z.Y., Hicher, P.Y., 2008. Identifying parameters control-
ling soil delayed behaviour from laboratory and in situ
pressuremeter testing. International Journal for Numer-
ical and Analytical Methods in Geomechanics, 32(12):
1515-1535. [doi:10.1002/nag.684]

Yin, Z.Y., Wang, J.H., 2012. A one-dimensional strain-rate
based model for soft structured clays. Science in China
Series E, 55(1):90-100. [doi:10.1007/s11431-011-4513-y]

Yin, Z.Y., Chang, C.S., Karstunen, M., et al., 2010. An ani-
sotropic elastic viscoplastic model for soft soils. Interna-
tional Journal of Solids and Structures, 47(5):665-677.
[doi:10.1016/j.ijsolstr.2009.11.004]

Yin, Z.Y., Karstunen, M., Chang, C.S., et al., 2011a. Modeling
time-dependent behavior of soft sensitive clay. Journal of
Geotechnical and Geoenvironmental —Engineering,



Zhu et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng) 2014 15(4):272-281 281

137(11):1103-1113. [doi:10.1061/(ASCE)GT.1943- behavior for remolded clays. Chinese Journal of Geotech-
5606.0000527] nical Engineering, 34(8):1496-1500 (in Chinese).

Yin, Z.Y., Karstunen, M., Wang, J.H., et al., 2011b. Influence Zhu, Q.Y., Jin, Y.F., Yin, Z.Y., Hicher, P.Y., 2013. Influence
of features of natural soft clay on the behavior of em- of natural deposition plane orientation on oedometric
bankment. Journal of Central South University of Tech- consolidation behavior of three typical clays from
nology, 18(5):1667-1676.  [doi:10.1007/s11771-011 southeast coast of China. Journal of Zhejiang University-
-0887-z] SCIENCE A (Applied Physics & Engineering, 14(11):

Zeng, L.L.,Hong, Z.S., Liu, S.Y., et al., 2012. Variation law and 767-777. [d0i:10.1631/jzus.A1300156]

quantitative evaluation of secondary consolidation

%Zﬂgl

AR —MEIERIRE R R ARSI P E R A
A modified creep index and its application to viscoplastic modelling of soft clays

AR B feth— DR HA R AR MR A R T

#l# &8 LN T MEIERIGEERE, ZRES BRSNS, WEE SO 2. KB IERE R
FEENBFOT R — DR, S2B 7T ABAQUS HIAN —IXkIFK: 3. N THE

S T SR S O A AR
AR s LSS ZIRE LGRS A R, SRIBIERR R R (K 3); 2. 4 B IR 2 R %
FTORTNELL IR (B 4D 3. K e REUR N B R TRER b, B0k 1 HEma e (18 5).
e 1 A IE R AR Z 00T LIRS b 5 B 0528 R A AL PR AU 2. 3l TR R BE
T B IR R E A .
keAm. BAit WA itk ARt




