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Abstract

The mechanical properties and constitutive modeling of Shanghai clays are very important for numerical analysis on geotechnical
engineering in Shanghai, where continuous layers of soft clays run 30–40 m deep. The clays are divided into 5 major layers. A series
of laboratory tests are carried out to investigate their mechanical properties. The top and bottom layers are overconsolidated hard clays,
and the middle layers are normally consolidated or lightly overconsolidated sensitive marine clays. A constitutive model, which can
describe the overconsolidation and structure of soils using only 8 parameters, is modified to simulate the test results. A rational proce-
dure to determine the values of the material parameters and initial conditions is also proposed. The model is able to effectively reproduce
both one-dimensional (1D) consolidation and drained/undrained triaxial test results of Shanghai clays, with one set of parameters for
each layer. From element testing and constitutive modeling, two findings are obtained. First, the decay rates of overconsolidation are
smaller in overconsolidated layers than in normally consolidated layers. Second, the natural microstructure of layer 4 is relatively stable,
that is, a large degree of structure is still maintained in the specimen even after 1D consolidation and drained triaxial tests. The modified
model and obtained parameter values can be used for numerical analysis of geotechnical projects in Shanghai.
� 2016 Tongji University and Tongji University Press. Production and hosting by Elsevier B.V. on behalf of Owner. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The mechanical properties of regional soft soils have
always attracted the special attention of geotechnical engi-
neers. Shanghai clays are typical soft deltaic deposits with a
thickness of 30–40 m. The clays are almost horizontally
distributed, representing a fully Holocene transgress-
regression sequence in the Yangtze Delta area, China.
The clays are divided into 5 major layers, and every layer
possesses different physical and mechanical characteristics
due to differences in depositional history. These unique
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characteristics lead to challenges in soil mechanics
research. To better understand the mechanical behavior
of the different layers and to provide a useful tool for
numerical simulations of geotechnical projects in the
Shanghai area, systematic laboratory testing and unified
constitutive modeling of these layers are of great
importance.

In recent decades, much research in the field of geotech-
nical engineering in Shanghai has been conducted; this
includes land subsidence, long-term settlement of subway
tunnels, and various underground construction projects
(Gao, Wei, & Hu, 1986; Chai, Shen, Zhu, & Zhang,
2004; Chen, Zhang, Zhang, Zhu, & Wang, 2013; Huang,
Ye, & Chen, 2009; Liu, Ng, & Wang, 2005; Shen, Wu,
Cui, & Yin, 2014; Shen & Xu, 2011; Tan & Wei, 2012;
and hosting by Elsevier B.V. on behalf of Owner.
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Wang, Xu, & Wang, 2010). However, studies on the phys-
ical and mechanical properties of Shanghai clays are far
from being adequate. In general, the limited amount of
research on Shanghai clays can be classified into two
categories.

(1) The general engineering properties of Shanghai clays
without considering the characteristics of the distinct
layers (Wei & Hu, 1980; Gao et al., 1986; Xu, Shen, &
Du, 2009). Based on site investigations and simple
laboratory tests, these studies provided basic data
for Shanghai clays, such as the Atterberg limits, cohe-
sive strength (C) and internal friction angle (u) at dif-
ferent depths. Among these studies, Wei and Hu
(1980) investigated the distribution of the overconsol-
idation ratio (OCR) by laboratory testing and noted
that the top and bottom layers of Shanghai clays were
overconsolidated, while the layers between the top
and bottom could be considered to be normally con-
solidated to lightly overconsolidated clays
(OCR � 1.1). Recently, Wu, Ye, Zhang, Bishop,
and Wang (2014) noted that besides overconsolida-
tion, the structure was also an important mechanical
property of these clays.

(2) Detailed experimental and theoretical study of a spec-
ified soil layer. Layer 4, which is the most sensitive
and softest stratum in Shanghai clays, has attracted
the most research attention. Intensive experiments
have been carried out to investigate the effect of fab-
ric/structure on the mechanical behavior of layer 4.
De’an, Bo, and Changfu (2014) found that a refer-
ence void ratio e*10, (which is defined as the void ratio
on the extended straight line of the compression curve
during post-yielding at an effective stress of 10 kPa)
could be used as a fabric index to characterize the
compression and shear behavior of layer 4. Li, Ng,
and Liu (2012) investigated the degree of inherent
stiffness anisotropy of layer 3 of Shanghai clays using
a triaxial apparatus equipped with local strain trans-
ducers and a shear-wave velocity measurement
system.

It can be seen that there is a lack of overall detailed
experimental and theoretical study on all layers of Shanghai
clays. As a result, numerical analyses of underground con-
struction projects in Shanghai had to use empirical methods
to determine the material parameters (e.g., Hou, Wang, &
Zhang, 2009; Peng, Wang, Tan, Xu, & Li, 2011; Shen,
Horpibulsuk, Liao, & Peng, 2009; Shen & Xu, 2011), which
is not considered to be a straightforward approach.

Alternatively, in recent years, there has been notable
development in creating a constitutive model of overcon-
solidated and structured clays. For example, Whittle and
Kavvadas (1994), Nakai and Hinokio (2004), and Mita,
Dasari, and Lo (2004) developed models for overconsoli-
dated clays; Asaoka, Nakano, and Noda. T. (1998),
Rouainia and Muir Wood (2000), Liu and Carter (2002),
Kimoto and Oka (2005), and Yin, Karstunen, Chang,
Koskinen, and Lojander (2011) proposed models for struc-
tured clays. Since most of these structural models have a
feature that incorporates an inner yielding surface, similar
to the bounding surface (Dafalias & Popov, 1975) or
subloading surface (Hashiguchi & Ueno, 1977), within a
normally yielding surface, they can also describe the over-
consolidation of clays.

Zhang, Ye, Noda, Nakano, and Nakai (2007) proposed
a constitutive model for sand in which the concepts of
superloading (Asaoka, Noda, Yamada, Kaneda, &
Nakano, 2002; Asaoka et al., 1998) and subloading
(Hashiguchi & Ueno, 1977), together with a new aniso-
tropy approach, were adopted to describe the influences
of soil structure, density and stress-induced anisotropy.
Compared with previous models, Zhang’s model has the
following advantages:

(1) The model can describe the static and dynamic
behavior of sands under various loading and drai-
nage conditions in a unified way with a fixed set of
parameters (Jin, Ye, & Zhang, 2010; Zhang, Ye, &
Ye, 2011).

(2) Only 8material parameters are involved, amongwhich
5 parameters are the same as in the Cam-Clay model,
and the other 3 parameters are easily determined.

Therefore, the authors are expecting to extend Zhang’s
model to simulate the mechanical behavior of Shanghai
clays under various loading and drainage conditions in a
unified way. The evolution law for the soil structure, how-
ever, was only related to the plastic shear strain. This law is
not adequate for clays, since plastic volumetric strain can
also lead to the loss of structure.

In this study, a brief introduction of Shanghai clays and
laboratory test results are presented. A modified version of
Zhang’s model with new evolution laws is then proposed.
The results of oedometer tests and drained triaxial tests
are used to verify the performance of the model. Most
importantly, based on the experimental and modeling stud-
ies, the overconsolidation and structure characteristics of
Shanghai clays are discussed in detail.

2. Brief description of Shanghai clays

Shanghai is located on the extensive Yangtze River
Delta. The thickness of Shanghai clays is approximately
30–40 m, with an annual groundwater table that is approx-
imately 1.0 m from the surface. The strata are almost hor-
izontally distributed. The soil layers are defined by a
number from the surface to the bottom and named accord-
ing to their colors and grain size distributions, as shown in
the left of Fig. 1. Layer 1 is a thin fill soil, which is omitted
in the figure. Layers 2–6 are mainly clays and are wide-
spread in Shanghai. In general, the term ‘Shanghai clays’
refers to layers 2–6. They consist of the Holocene series
(layers 2–5) and the top of the Pleistocene series (layer 6).
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Fig. 1. Typical distributions of physical properties of layer 2–6 of
Shanghai clays with depth.
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By comparing with the other Asian clays deposited in the
same period (Wu et al., 2014), it was found that Shanghai
clays exhibit some unique characteristics: (1) Clay particles
(<5 lm) and silt particles (75–5 lm) are their main compo-
nents, accounting for over 50% of the grain size distribu-
tion. Meanwhile, clay particles are the main component
in other Asian clays. (2) Illite is the most common clay min-
eral, averaging over 50 %, while smectite is the most com-
mon mineral in other Asian clays. (3) The natural water
content (wn) of Shanghai clay is 25–45 %. The wn of layers
3 and 4 are larger than the liquid limit (wL), indicating that
they are sensitive clays. The activity, defined as the ratio of
the plasticity index (Ip) to the clay fraction percentage, var-
ies from 1.0 at the bottom to 0.5 at the top. The activities of
other Asian clays are much higher. Fig. 2 shows the plastic-
ity chart of Shanghai clays. It can be seen that they are low
plasticity clays. It is worth investigating such unique clays
carefully, by element testing and constitutive modeling.
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3. Laboratory tests

The undisturbed samples of layers 2–6 were recovered
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Fig. 2. Plasticity chart of Shanghai clays (layer 2–6).
tion site located at Lianhua Road in the Minhang District
of Shanghai. The sampling depths at each layer are shown
in Fig. 3 with solid circles. In addition, undisturbed sam-
ples from layer 4 were used for the drained/undrained tri-
axial tests, and these were taken by the block sampling
method (ASTM D705, 2004) from open excavation sites
at Xizha Road/Longhua Tower.

Conventional oedometer tests and drained triaxial com-
pression tests (CD tests) were carried out on layers 2–6 to
investigate the compression and stress–strain relationships
of Shanghai clays. In addition, undrained triaxial tests
(CU tests) were carried out on layer 4 with the samples
from the Longhua Tower site. In the conventional oedome-
ter tests, the specimens were 61.8 mm in diameter and
20 mm in height. Each applied load increment was twice
as large as the previous one, and the duration of each load
was 24 h. In the triaxial tests, the specimens were 39.1 mm
in diameter and 80 mm in height. The triaxial tests con-
sisted of isotropic compression, starting from the stress
state when the pore pressure had stabilized and the satura-
tion of the specimens had been confirmed. The shearing
rates for drained and undrained triaxial tests were
0.0033 mm/min and 0.0066 mm/min, respectively.

Fig. 3 shows typical distributions of OCR and sensitivity
with the depth of Shanghai clays. The OCR data were
obtained from conventional oedometer tests, and the sensi-
tivity data were obtained by uniaxial compression tests on
undisturbed and remolded samples. It can be seen that lay-
ers 2 and 6 are overconsolidated clays, layers 3 and 4 are
sensitive clays with a strong structure, and layer 5 is a tran-
sition stratum with a slight overconsolidation and low sen-
sitivity. It is interesting to find that as an illite-rich clay,
Shanghai clays show a relatively low sensitivity. The
overconsolidation of layers 2 and 6 is mainly due to the
continental deposition environment and evaporation dur-
ing the deposition period. The structures of layers 3 and
4 are due to the marine deposition environment. Therefore,
it is required that the constitutive model can simulate both
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Fig. 3. Typical distributions of OCR (overconsolidation ratio) and
sensitivity with depth of layer 2–6 of Shanghai clays. OCR data obtained
from conventional oedometer tests. Sensitivity data obtained by uniaxial
compression tests.
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the overconsolidation and structure of natural clays. More
results of the oedometer tests and triaxial tests will be
described in Section 7.
4. Constitutive model

Zhang et al. (2007) proposed a constitutive model in
which a new approach to the description of anisotropy
changes was adopted. The new approach allows the aniso-
tropy of sand to change continuously and rapidly during
liquefaction. The model is able to uniquely describe the
overall mechanical behavior of sand at different densities,
including its dynamic and static behavior under various
loading conditions. The authors are expecting to extent
Zhang’s model to simulate the mechanical behavior of
Shanghai clays under various loadings and drainage condi-
tions in a unified way. In the current study, as the first step
of the extension, Zhang’s model is modified so that it can
be used to describe the mechanical behavior of Shanghai
clays under static loading.
4.1. Original model

The original model was proposed within the framework
of critical state soil mechanics and was based on the con-
cepts of anisotropy (Sekiguchi H, 1977), subloading
(Hashiguchi & Ueno, 1977) and superloading (Asaoka
et al., 1998, 2002). A brief description of the yield surfaces
is presented in Fig. 4.

The similarity ratio of the superloading surface to the
normal yield surface, R*, and the similarity ratio of the
superloading surface to the subloading surface, R, are
given as:

R� ¼ p
_

�p
¼ q

_

�q
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Fig. 4. Subloading, normal and superloading yield surfaces in p–q plane.
where ðp; qÞ; p
_
; q

_Þ andð�p; �qÞ represent the present stress
state, the corresponding normally consolidated stress state,
and the structured stress state on the p–q plane, respec-
tively. The present stress state is always located on the
subloading surface, which is given in the following form:

f ¼ ln
rm

rm0
þ ln

M2 � f2 þ g�
2

M2 � f2
þ lnR� � lnR� epv

Cp
¼ 0 ð3Þ

In Eq. (3), rm ¼ 1
3
rii is the mean effective stress and

rm0 ¼ 98:0 kPa is a reference stress. M is the shear ratio
at the critical state. epv is the plastic volumetric strain.

f ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
3
2
bijbij

q
is an anisotropic state variable, with bij as

the anisotropic stress tensor. g� ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
3
2
ĝijĝij

q
represents the

difference between the stress ratio tensor gij and the aniso-
tropic stress tensor bij, in which

ĝij ¼ gij � bij; gij ¼
Sij

rm
; Sij ¼ rij � pdij; ð4Þ

where Sij is the deviatoric stress tensor and dij is the Kro-
necker delta tensor. ĝij is a relative shear stress ratio tensor.
In Eq. (3), Cp is expressed as:

Cp ¼ k� k
1þ e0

ð5Þ

where k and j are the compression and swelling indices,
respectively, and e0 is a reference void ratio at pressure
p = 98 kPa.

An associated flow rule is employed in the model:

depij ¼ K
@f
@rij

ð6Þ

The consistency equation for the subloading yield sur-
face can then be given as:

df ¼ 0

) @f
@rij

drij þ @f
@bij

dbij þ
1

R� dR
� � 1

R
dR� 1

Cp

depv

¼ 0 ð7Þ
The evolution rule for the degree of structure, R*, is

defined as:

dR� ¼ U �depd ; U
� ¼ aM

Cp

R�ð1� R�Þ ð0 < R� 6 1Þ; ð8Þ

where a is a parameter that controls the rate of structure
collapse during shearing and depd is the deviatoric plastic
strain.

The changing rate of overconsolidation is assumed to be
controlled by two factors: the plastic component of strain
and the incremental anisotropy:

dR ¼ Ukdepijk þ R
g
M

@f
@bij

dbij; ð9Þ
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where

kdepijk ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
depijde

p
ij

q
¼ K

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
@f
@rij

@f
@rij

s

¼ K

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
6g�2 þ 1

3
ðM2 � g2Þ2

q
ðM2 � f2 þ g�2Þrm

ð10Þ

U ¼ �mM
Cp

ðrm=rm0Þ2
ðrm=rm0Þ2 þ 1

 !
lnR

ðrm0 : reference stress; ¼ 98:0 kPaÞ ð11Þ
Here, m is a parameter that controls the losing rate for
overconsolidation.

The evolution rule for the anisotropic stress tensor is
defined as:

dbij ¼
M
Cp

brðM � fÞdepd
ĝij

kĝijk

¼
ffiffiffi
3

2

r
M
Cp

brðM � fÞdepd
ĝij
g�

; ð12Þ

where br is a parameter that controls the developing rate of
anisotropy.

If the incremental strain tensor is divided into elastic and
plastic components, the elastic component is as follows:

drij ¼ Eijkldeekl ¼ Eijklðdekl � depklÞ

¼ Eijkldekl � KEijkl
@f
@rkl

ð13Þ

Therefore, by substituting Eqs. (8), (9), (12) and (13)
into Eq. (7), the positive variable can be rewritten as:

K ¼
@f
@rij

Eijkldekl

hp þ @f
@rij

Eijkl
@f
@rkl

; ð14Þ

where:

hp ¼ 1

CpðM2 � f2 þ g�2Þrm

½M2
s � g2� ð15Þ

M2
s ¼ M2 � mM lnR

R
ðrm=rm0Þ2

ðrm=rm0Þ2þ1

h i ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
6g�2 þ 1

3
ðM2 � g2Þ2

q
�2aMð1� R�Þg� þ 1� g

M

� � ffiffi6p
MbrðM�fÞg�2ð2M2�3gijbijÞ
ðM2�f2þg�2ÞðM2�f2Þ

ð16Þ

The loading criteria are as follows:

K > 0 loading

K ¼ 0 neutral

K < 0 unloading

8><
>: ð17Þ

Eight parameters are involved in the proposed model,
among which five parameters, i.e., M, e0, k, j and m, are
the same as in the Cam-Clay model. The other three
parameters are listed below:

m: parameter that controls the decaying rate of
overconsolidation.
a: parameter that controls the collapse rate of structure.
br: parameter that controls the developing rate of stress-
induced anisotropy.
These three parameters have clear physical meanings
and can be readily determined through laboratory testing.

The capability of the model in simulating Toyoura sand,
which is a typical clean sand found in Japan, is demonstrated
in the Appendix. The model has also been successfully
applied to numerical analyses of various liquefaction phe-
nomena (Bao, Ye, Ye, & Zhang, 2012; Bao, Ye, Ye, Sago,
& Zhang, 2014; Xia, Ye, Wang, Ye, & Zhang, 2010; Ye,
Muramatsu, Ye, & Zhang, 2011; Ye, Ye, & Zhang, 2012;
Ye, Ye, Zhang,&Yashima, 2007; Zhang et al., 2011). There-
fore, it is a promisingmodel with great potential for simulat-
ing themechanical behavior of Shanghai clays under various
loadings and drainage conditions in a unified way.

4.2. New evolution law

In the original model, the evolution rule for the degree of
structure, R*, is a function of the plastic shear strain depd .
However, some experimental studies on natural clays
(e.g., Callisto & Rampello, 2004) have proved that both
the plastic volumetric strain and plastic shear strain can
lead to the loss of structure. In the current study, the degra-
dation of structure is assumed to be a function of kdepijk, and
a new evolution law for structure is proposed as follows:

dR� ¼ U �kdepijk; ð8aÞ
The definition of U � is the same as in Eq. (8).
Furthermore, in the original model, to describe the cyc-

lic mobility behavior of liquefied sand, ðrm=rm0Þ2
ðrm=rm0Þ2þ1

� �
was

added into the first term in Eq. (10). The reference stress,
rm0, is normally set to 98.0 kPa. This can keep the U as
small as possible when rm is close to zero (liquefaction
point), so that the large overconsolidation can help the
effective stress path diverge from the liquefaction point.
However, it is unlikely that the overconsolidation of clays
can increase when rm is small. It was found that an unnat-
ural compression would occur when rm < rm0 (=98.0 kPa)
in the simulation of 1D consolidation of clays using the
original model. To avoid this unnatural compression, rm0

is set to 1.0 kPa for clayey soils.
Consequently, the positive variable K remains the same

as in Eq. (14), and M2
s in Eq. (15) is rewritten as follows:

M2
s ¼ M2 � aMð1� R�Þ þ mM lnR

R
ðrm=rm0Þ2

ðrm=rm0Þ2þ1

� �
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
6g�2 þ 1

3
ðM2 � g2Þ2

q
þ 4Mbrg�2 g��

ffiffiffiffiffi
3=2

p
ĝijbij

� �
ðM2þg�2Þ

ð16aÞ
5. Material parameters, initial conditions and simulation

procedure

To simulate the results of oedometer tests and drained
triaxial tests for each soil layer with one set of material
parameters using the modified constitutive model, the
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Fig. 5. Influence of parameters m and a to the shape of e-logrv curve. (a): as m increases, shifting rate from overconsolidation to normally consolidated
state increases. (b): as a increases, losing rate of structure increases.

Table 1
Material parameters used for comparison with Modified Cam-clay model.

Parameters Values

Compression index k 0.1
Swelling index j 0.02
Critical state parameter M 1.20
Void ratio e0 (p = 98 kPa on N.C.L.) 1.0
Poisson’s ratio m 0.35

Degradation parameter of overconsolidation m 1.0
Degradation parameter of structure a 1.0
Evolution parameter of anisotropy br 0.0

Note: The parameters, k, j, M, e0, and m used in MCC model have the
same value as above.

Table 2
Initial conditions used for comparison with
Modified Cam-clay model.

Initial conditions Values

Pre-consolidation stress p0c (kPa) 500
Initial degree of structure R0

* 0.1
Initial anisotropy f0 0.0
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Fig. 6. Comparison of the performance of the new model with Modified
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G.-l. Ye, B. Ye /Underground Space 1 (2016) 62–77 67
material parameters and initial conditions must be deter-
mined in a rational way. Eight parameters and three initial
values are involved in the proposed model. Five
parameters, i.e., M, e0, k, j and m, are the same as in the
Cam-Clay model. They can be determined directly by
oedometer tests and triaxial tests. Stress-induced
anisotropy is less important in oedometer tests and in
isotropically consolidated triaxial tests. Thus, the parame-
ter for controlling stress-induced anisotropy, br, and the
initial value of anisotropy, f0, are taken as zero in the cur-
rent study. The other two evolution parameters for over-
consolidation and structure, that is, m and a, and the
initial values of overconsolidation R0 and structure R*

0

of each test can be obtained by the following procedure:
(1) Determining the initial values of overconsolidation
R0 and structure R*

0.

R0 = 1/OCR = pre-consolidation stress/initial confin-
ing stress. From experience, due to the rounded shape
of e-logrv curves of Shanghai clays, the pre-
consolidation stress can be obtained more easily by the
‘work criterion’ method of Becker, Crooks, Been, and
Jefferies (1987) than by Casagrande’s graphical method.
rv is the effective vertical stress.

R*
0 = 1/Sensitivity. The sensitivity is the ratio of the

undrained strength of the undisturbed clay to the reconsti-
tuted strength at the same moisture content. In the current
study, its value is determined by the uniaxial compression
tests. However, it is recognized that the value of sensitivity
may vary according to the investigation methods used.
Thus, in the simulation, the value may need to be adjusted
to fit the test results.
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(2) Determining the values of m and a by fitting the
oedometer tests.

The initial values of overconsolidation R0 and structure
R*

0 and the reference void ratio e0 determine the starting
point and turning point of the void ratio – effective vertical
stress (e-logrv) curve and parameters m and a determine the
shape of the e-logrv curve. The influence of m and a on the
shape of the e-logrv curve is shown in Fig. 5. The defini-
tions of m and a are given in Eq. (11) and (8), respectively.
m is the parameter controlling the shift speed from over-
consolidation to the normally consolidated state. The lar-
ger the value of m, the larger the curvature of the e-logrv
curve. a is the parameter controlling the loss rate of struc-
ture. The larger the value of a, the faster the e-logrv curve
will revert back to the normal-consolidation line (NCL).

By making use of the evolution laws for overconsolida-
tion and structure, the initial conditions for triaxial tests
with different confining stresses can be traced easily. With
the material parameters and initial conditions that fitted
the e-logrv curves of the oedometer tests, a simulation of
the isotropic consolidation is conducted to obtain the ini-
tial state (values of R and R*) for each triaxial compression
test. The simulation starts at a confining stress of 10 kPa,
and the values of R and R* at each prescribed confining
stress value are taken as the initial state for the correspond-
ing triaxial compression test. Then, simulations of triaxial
compression tests are carried out.
Fig. 7. Comparison of the performance of the new model with Modified
Cam-Clay model by simulating the remolded clays with overconsolidation
in triaxial tests.
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Fig. 8. Comparison of the performance of the new model with Modified
Cam-Clay model by simulating the clays with both overconsolidation and
structure in triaxial tests.
6. Comparison with Modified Cam-Clay model

Quantitative comparisons between the performances of
the modified model and Modified Cam-Clay (MCC) model
are shown in Figs. 6–8. The parameters and initial condi-
tions used for these simulations are listed in Tables 1 and
2. Two types of tests are considered in the simulation. The
first is the one-dimensional oedometer tests, which started
with a vertical load of 10 kPa. The second type is the con-
ventional isotropic consolidated – drained triaxial compres-
sion tests with constant confining pressures of 100 kPa.

Figs. 6 and 7 show the simulations that only consider
overconsolidation. It can be seen that compared to the
MCC model, the modified model can represent
the rounded e � logrv curve of the oedometer tests and
the rounded stress–strain-dilatancy curves crossing over
the peak strengths in the triaxial tests. These indicate that
the modified model can give a smooth transition from the
overconsolidated state to the normally consolidated state,
generally resulting in a better match to real life situation
(Muir Wood, Belkheir, & Liu, 1994).

The dashed lines in Fig. 8 show the simulation that only
considers structure (OCR = 1, R*

0 = 0.2). It appears that
the modified model can describe the typical behavior of
normally consolidated clays with a high degree of struc-
ture, that is, a large volumetric compression accompanied
by strain-hardening during shearing. This behavior cannot
be described by the MCC model. Simulations considering
both overconsolidation and structure are also given in
Figs. 6 and 8 respectively. In the oedometer tests, the void
ratio collapses in the e � logrv curve, and in the triaxial
tests, the strain-softening and dilatancy due to overconsol-
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Fig. 9. Test results of oedometer tests on layer 2–6 of Shanghai clays and the Simulation by the modified model.
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idation occur before the axial strain ea < 5–8%; above this
strain, strain-hardening and volumetric compression due
to de-structuration takes place.

From the previous descriptions, it can be stated that the
modified model cannot only describe the smooth transition
from the overconsolidated state to normally consolidated
clays but can also describe the de-structuration of soil
structure that cannot be presented by the MCC model.
7. Test and simulation results of Shanghai clays

7.1. General mechanical behaviors of Shanghai clays

Fig. 9 shows the test results of one-dimensional oedome-
ter tests for layers 2–6 and the model simulations. Fig. 10
shows the tests results of drained triaxial compression tests
(CD tests) for layers 2–6 and the model simulations. Fig. 11
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shows the tests results of undrained triaxial compression
tests (CU tests) for layer 4 and the model simulations. In
these figures, the experimental results and model simula-
tions are represented by scatter points and solid lines,
respectively. The parameters and initial conditions used
for these simulations are listed in Tables 3 and 4. Several
conclusions are reached, as follows:
(1) From the e-logrv curves in Fig. 9, it can be seen that
layers 3 and 4 are soft clays characterized by the high-
est compressibility, while layers 2 and 6 are relatively
hard clays with the lowest compressibility. Layer 5
has an intermediate compressibility. This is consistent
with the variation of OCR and sensitivity shown in
Fig. 4.



Fig. 11. Test results of CU tests on layer 4 (Longhua Tower) and the
Simulation by the modified model.
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(2) It can be seen that the curvatures of e-logrv curves of
the overconsolidated layers 2 and 6 are smaller than
those of the structured layers 3 and 4, and an obvious
non-linear deformation had already occurred before
the vertical load reached the pre-consolidation pres-
sure, pc. This phenomenon cannot be simulated by
the Cam-Clay model, which only permits non-linear
deformation when a load is greater than pc.

(3) Fig. 10 shows the stress–strain-dilatancy of the CD
tests. The approximate axial strain where the devia-
Table 3
Material parameters of Shanghai clays.

Parameters Layer 2

Compression index k 0.087
Swelling index j 0.020
Critical state parameter M 1.20
Void ratio e0 (p = 98 kPa on N.C.L.) 0.757
Poisson’s ratio m 0.32

Degradation parameter of overconsolidation m 0.7
Degradation parameter of structure a 1.0
Evolution parameter of anisotropy br 0.0

Table 4
Initial conditions of Shanghai clays.

Initial conditions Layer 2 Layer

Pre-consolidation stress p0c (kPa) 150 65
Initial degree of structure R0

* 1.0 0.3
Initial anisotropy f0 0.0 0.0
toric stress reaches the peak value for each layer is
as follows: 5% to 10% for layers 2 and 6, 15% for
layer 5, and >20% for layers 3 and 4. The approxi-
mate final compressive volumetric strain of each layer
is as follows: 3% for layers 2 and 6, 6% for layer 5,
and >12% for layers 3 and 4.

(4) Fig. 11 shows the stress–strain relationship and stress
paths of the undrained triaxial compression tests of
layer 4. The overall undrained behavior, especially
strain-softening due to the collapse of the soil struc-
ture, can be well reproduced by the model.

(5) The general trend of overconsolidated clays (layers 2
and 6) can be captured by the new model in terms of
the e-logrv curve and stress–strain-dilatancy relation.
The smooth change from an overconsolidated to a
normally consolidated state shown in the e-logrv
curve is represented well. The deviatoric stresses and
volumetric strains in the triaxial tests are accurately
described. However, the dilatancy of layer 6 under
low confining stress is overestimated by the model.

The soil structure of layers 2 and 6 is not taken into con-
sideration in the simulation by setting R�

0 ¼ 1:0, although
both layers have a sensitivity of 2–3. This indicates that
the microstructure of this type of overconsolidated clay is
not easy to disrupt, and the change in the void ratio is
mainly due to the elimination of overconsolidation.

(6) As shown in Fig. 5, parameter m controls the curva-
ture of the e-logrv curve. Table 3 shows that the m

values of layers 2 and 6 (overconsolidated) are much
smaller than those of layers 3 and 4 (normally consol-
idated). Since m is a material parameter, its value
should be determined by the material itself, rather
than by the initial overconsolidated state. Therefore,
from the plasticity chart (Fig. 2), it seems that the m

value is likely to increase when the location in the
plasticity chart of the corresponding soil moves to
the right along the A line.
Layer 3 Layer 4 Layer 5 Layer 6

0.132 0.140 0.135 0.070
0.020 0.020 0.019 0.017
1.30 1.30 1.42 1.18
1.080 0.860 0.815 0.630
0.38 0.38 0.35 0.32

4.0 5.0 1.5 1.5
0.4 0.1 2.0 1.0
0.0 0.0 0.0 0.0

3 Layer 4 Layer 5 Layer 6

80 220 410
0.2 0.6 1.0
0.0 0.0 0.0
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(7) The overall behavior of the structured clays (layers 3
and 4) can also be reproduced by the new model. The
large volume changes in both the oedometer tests and
triaxial tests due to de-structuration are accurately
simulated.

(8) Layer 5 is a clay with light overconsolidation and
weak structure. Its behavior also can be represented
by the model.
7.2. Discussion on the structure of layer 4

As layer 4 is a typical stratum of Shanghai clays, which
have the strongest structure, its structure will be discussed
further. Fig. 12(a) shows the plot of the oedometer tests
and drained triaxial tests of layer 4 in terms of the e-logp
(for triaxial tests) or e-logrv (for oedometer tests) relation.
The solid curves with symbols and the solid curves represent
the oedometer tests and drained triaxial tests, respectively.
Fig. 12(b) shows the plot of the simulation results. In both fig-
ures, the horizontal axis represents the vertical stress (rv) for
the oedometer tests and the mean stress for the triaxial tests.

From Fig. 12(a), two findings can be obtained: (1) At the
end of the oedometer test, when the final vertical stress is
1600 kPa, the void ratio of the undisturbed specimen is
much larger than that of the remolded one. (2) The final
state lines (FSL) of the triaxial tests on the undisturbed
and remolded specimens are almost parallel, and no trend
toward convergence can be seen. The simulations in
Fig. 12(b) show the same results. These phenomena reveal
that neither the oedometer tests nor triaxial shearing can
easily destroy the soil structure. The change in R (=1/
OCR) andR* (degree of structure) in different tests is shown
in Fig. 13. The overconsolidation is eliminated very quickly
in both the oedometer tests and triaxial tests. In contrast,
the structure decays slowly. The initial degree of the struc-
ture is R�

0 ¼ 0:2, and the final degrees of the structure are
R� ¼ 0:286 (in the oedometer tests) and R� = 0.35–0.36 (in
the triaxial tests). Although triaxial shearing is more
effective in destroying the soil structure, a large portion of
the structure still remains despite the specimen being sub-
jected to an axial strain of 35%, which provides evidence
that the natural microstructure of layer 4 is relatively stable.

8. Conclusions

In this study, element tests and constitutive modeling
were conducted to investigate the overconsolidation and
structure of all layers of Shanghai clays. The mechanical
characteristics of Shanghai clays became clear through a
discussion of both the laboratory test data and the simula-
tion results. The following conclusions can be drawn from
the study:

(1) The element tests showed that the top and bottom
layers 2 and 6 were overconsolidated clays, the mid-
dle layers 3 and 4 were sensitive clays with a strong
structure, and layer 5 was a transition stratum with
slight overconsolidation and low sensitivity. It was
interesting to find that as an illite-rich clay, Shanghai
clays showed a relative low sensitivity.

(2) The modified Zhang’s constitutive model can
describe the overconsolidation and structure of layers
2–6 of Shanghai clays in a unified way. Eight param-
eters were used, among which five parameters, that is,
M, N, k, j, and m, were the same as those of the Cam-
Clay model. The other three parameters, a, m and br,
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can be easily determined by the rational procedure
proposed in this study.

(3) It was found by constitutive modeling that the decay-
ing rate of overconsolidation is smaller in the over-
consolidated layers 2 and 6 than in the normally
consolidated layers 3 and 4.

(4) Constitutive modeling of the structural characteris-
tics of layer 4 indicated that a large portion of the
structure still remained despite the specimen being
subjected to an axial strain of 35%, which provided
evidence that the natural microstructure of layer 4
was relatively stable.

In this study, the mechanical behavior of Shanghai clays
was analyzed within the framework of the critical state soil
mechanics, so that it might assist international colleagues
to understand the mechanical characteristics of Shanghai
clays. In addition, inherent anisotropy is another impor-
tant factor on the mechanical behavior of natural clays,
and further experimental and numerical studies should be
carried out in this area in the future.
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Appendix A

Brief description of the capability of Zhang’s model on

simulating Toyoura sand uniquely

The mechanical behaviors of sand are dependent not
only on the shape of particles, that is, angular or round,
but also on its density, its experienced strain history, and
even on the degree of structure formed in its deposition
(Asaoka et al., 1998). Sand may behave completely differ-
ently under different loadings and drained conditions.
-q

q

M
C.S.L

C.S.L

P

Fixed

(a) Changes of yielding surface at different ζ
mobili

Fig. A1. Changes of subloading yielding surface a
For instance, when subjected to undrained cyclic loading,
loose sand will liquefy without transitioning from contrac-
tive to dilative state; for medium dense sand, liquefaction
with cyclic mobility occurs, while for dense sand, liquefac-
tion will never occur. Loose sand subjected to cyclic load-
ing will liquefy under undrained condition but may be
compacted to a denser state under drained condition.

In Zhang’s model, the gradient of the Critical State Line
(C.S.L.) is assumed to be constant and the flat ratio of the
elliptical yield surface can be changed due to the aniso-
tropy, as shown in Fig. A1(a). A new state variable f is
introduced in the model, which is the stress-induced aniso-
tropy and is assumed that the larger the f is, the larger the
eccentric ratio of the ellipse will be. This feature enables the
model to describe the cyclic mobility of sand during lique-
faction, as shown in Fig. A1(b).

To verify the influence of the initial density on the
behavior of sand, we herein numerically consider a set of
sand samples with different densities, which is prepared
from very loose sand. In preparing the set of sand samples
with different densities, very loose sand is compacted by a
small vibration load along the vertical direction with an
amplitude level of 2.3 kPa and a small confining pressure
of 10 kPa. After compaction, samples with different densi-
ties are isotropically consolidated to the prescribed confin-
ing pressure of 196 kPa. The samples are prepared with
eight different densities at different levels of vibrating com-
(b) Stress-strain relations during cyclic 
ty

t different f and description of cyclic mobility.
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paction, as shown in Fig. A2. The material parameters of
Toyoura sand are listed in Table A1. The state variables
of these sand samples after they are isotropically consoli-
dated to a confining pressure of 196 kPa are listed in
Table A2. With these material parameters and the initial
values of the state variables for sands with different densi-
ties, various types of triaxial tests under drained/undrained
conditions subjected to monotonic and cyclic loading are
calculated systematically.
Table A1
Material parameters of Toyoura sand.

Compression index k 0.050
Swelling index j 0.0064
Critical state parameter M 1.3
Void ratio N (p = 98 kPa on N.C.L.) 1.0
Poisson’s ratio m 0.30

Degradation parameter of overconsolidation state m 0.010
Degradation parameter of structure a 2.2
Evolution parameter of anisotropy br 1.5

Table A2
State variables of Toyoura sand with different densities.

p = 196 kPa [1] [2] [3] [4]

e0 0.916 0.860 0.801 0.775
R0

* 0.104 0.114 0.125 0.133
OCR (1/R0) 1.49 5.03 17.5 30.1
f0 1.44E�05 1.47E�05 1.97E�05 3.42E

(a) Effective stress paths (b) Stress-strain relati
Stress-strain relation

(I) Undrained triaxial compression tests     
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Fig. A3. Simulation of Toyoura sand subjected to monotonic loading under di
From Fig. A3, it is seen that in undrained triaxial mono-
tonic compression tests, loose sand exhibits peak strength at
small levels of strain and then collapses and flows rapidly
toward the origin of the stress space, showing typical strai
n–hardening/softening and contractive behavior. For med-
ium dense sand, the stiffness of the sand decreases abruptly
at certain levels of strain where a typical transition from
the contractive state to the dilative state occurs. Dense sand,
however, only shows strain hardening. In the undrained
tests, all of the sand samples finally move toward the C.S.

L., while in the drained tests, all of the sand samples
approach the same point in the e-p space at the critical state,
irrespective of the different initial densities at the beginning
of shearing. The above-mentioned behavior of sand is very
familiar to readers who specialize in soil mechanics, and
thus, it is not necessary to give any comparison between
the theoretical and the test results.

From Fig. A4, it is seen that the mechanical behavior of
Toyoura sand subjected to cyclic loading under drained/
[5] [6] [7] [8]
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Fig. A4. Simulation of Toyoura sand subjected to cyclic loading under undrained conditions in triaxial compression tests (Zhang et al., 2011).
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undrained conditions can be uniquely and properly
described by the constitutive model no matter what the
density is. It is confirmed theoretically that for loose sand,
liquefaction happens without transitioning from the con-
tractive state to the dilative state; for medium dense sand,
cyclic mobility occurs, while for dense sand, liquefaction
will not occur. It is not necessary to assign, in advance,
which sand will liquefy or not. This is simply dependent
on the state, namely, the overconsolidation ratio (density),
stress-induced anisotropy and structure.

From Fig. A5, it is seen that the different types of behav-
iors for sandy soils and clayey soils subjected to cyclic load-
ing under undrained conditions can be properly described
by the constitutive model, by changing parameters a and
m. The difference between clayey soils and sandy soils
depends on two factors, namely, the rate of loss in overcon-
solidation and the rate of the collapse of structure during
shearing (Asaoka et al., 2002). The rates of loss in overcon-
solidation and the collapse of structure are controlled by
parameters a and m. For sandy soils, the rate of loss in
overconsolidation is very slow (small m), while the rate of
the collapse of structure is very fast (large a). On the con-
trary, for clayey soils, the rate of loss in overconsolidation
is very fast (large m), while the rate of the collapse of struc-
ture is very slow (small a).

In summary, the mechanical behavior of Toyoura sand
subjected to monotonic or cyclic loading under drained or
undrained conditions can be uniquely and properly
described by the constitutive model no matter what the
density is. Moreover, the mechanical behavior of clayey
soils can also be simulated by the model by changing
parameters a and m.
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