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Stress Dilatancy of Natural Soft Clay under an Undrained
Creep Condition

Li-Zhong Wang1 and Zhen-Yu Yin2

The stress–dilatancy relationship is a key point to capture the evolution of both strains and excess pore pressure during an undrained creep 
of natural soft clay. This paper focuses on investigating the stress dilatancy of natural soft clay during an undrained creep. Undrained 
triaxial creep tests are performed on K0-consolidated and isotropically consolidated samples of a typical Chinese soft marine clay with 
different stress levels. A unique stress–dilatancy curve is obtained from all test results. Several typical stress–dilatancy relations for soils are 
discussed, comparing them with experimental results. A common modification method for the stress dilatancy of sand is adopted and 
discussed for clay. All comparisons demonstrate that modified dilatancy equations can describe the stress–dilatancy relationship during an 
undrained creep. The modified dilatancy equation with the inclination of a potential surface seems to better describe the whole trend, and 
is suitable for natural soft clay.
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Introduction

Because of the low permeability of soft clay, an excess pore water
pressure is usually generated during the period of construction (e.g.,
for a high filled embankment, or a foundation for a building), during
which foundation soils are deforming simultaneously under undrained
conditions. This continuing undrained creep may often result in a col-
lapse of the clay foundation, which implies that the undrained shear
strength can be significantly reduced with time, as investigated through
undrained triaxial creep tests by various researchers (Casagrande and
Wilson 1951;Walker 1969; Holzer et al. 1973; Vaid and Campanella
1977; Adachi and Oka 1982; Yin et al. 2002; Hinchberger and Rowe
2005; Yin and Hicher 2008; Yin et al. 2010b, c, 2011; Yin and
Karstunen 2011; Desai et al. 2011; Taechakumthorn and Rowe
2012). Therefore, it is important to capture the undrained-creep be-
havior to estimate the long-term stability of geotechnical structures.

During an undrained creep, the generation of excess pore pres-
sure reflects the diminution of effective stresses and increase of the
stress ratio q=p9 (i.e., deviatoric stress over mean effective stress)
toward the critical state line, which in turn increases the deviatoric
strain. Thus, the stress dilatancy is a key point to accurately describe
the undrained creep behavior (the evolution of both strains and
excess pore pressure with time) of clay.

The focus in this paper is on investigating the stress–dilatancy
relationship of natural soft clay during an undrained creep. For this
purpose, undrained triaxial creep tests are performed on a typical
Chinese soft marine clay. Classical stress–dilatancy relations for
soils are discussed, comparing them with experimental results.

Modifications on dilatancy equations are discussed for anticipating
the behavior of clay under an undrained creep condition.

Undrained Triaxial Creep Tests

Soil Properties

Undrained triaxial creep tests were carried out on a typical Chinese soft
marine clay, Wenzhou clay deposited on the southeast coast of China.
A relative homogenous layer ofWenzhou clay from10.5 to 11.5mwas
selected for sampling. Some basic physical and mechanical properties
ofWenzhouclayare summarized inTable 1. A conventional undrained
triaxial test was first performed on a K0-consolidated clay sample with
a vertical stress of up to two times the preconsolidation pressure
( p09 5 105 kPa, q0 5 67 kPa with a duration of 2 days before shear-
ing). The peak deviatoric stress qpeak was obtained equal to 92.2 kPa.

Test Program and Results

Natural soft clay is usually deposited under a K0-consolidated con-
dition. Additional loads are usually added during constructions, which
causes the creeping of soil. A series of undrained triaxial creep tests
were performed on identical K0-consolidated clay samples under
different deviatoric stress levels with stress ratios q=qpeak varying
from 0.88 to 1.0 (see Table 2). Fig. 1 presents the evolution of axial
strain (ɛa) with time and the evolution of excess pore pressure (Du)
with time during an undrained creep. Both the axial strain and the
excess pore pressure develop with time, and their rates are faster for
a higher deviatoric stress level.

Furthermore, four undrained creep tests on isotropically consol-
idated clay samples ( p09 5 105 kPa) were also performed under four
deviatoric stress levels (see Table 2). Fig. 2 shows the similar trend
of evolution for both axial strain and excess pore pressure compared
with tests under K0-consolidated samples.

Stress Dilatancy during an Undrained Creep

Typical Stress–Dilatancy Relations for Soils

The physical manifestation of dilatancy was first discussed long ago
byReynolds (1885). Later on, Rowe (1962) and Roscoe et al. (1963)
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introduced two different forms of stress dilatancy equations for soils,
based on which various constitutive models have been developed.

Rowe (1962) developed a stress dilatancy equation using the
assumption that the ratio of the input energy increment sadɛ

p
d to the

output energy increment 2srdɛ p
r is a constant, denoted as K

sa=sr ¼ K
�
12 dɛ pv

�
dɛ pd

�
(1a)

Eq. (1a) can be rearranged in terms of variables used in critical state
soil mechanics, given as

dɛ pv
�
dɛ pd ¼ 9ðM2 hÞ=3M2 2Mhþ 9 (1b)

where h 5 stress ratio of deviatoric stress to mean effective stress
q=p9;M 5 slope of critical state line in p9-q plan; p95 ðsa 1 2srÞ=3
5 mean effective stress; q5sa2sr 5 deviatoric stress; dɛ p

v 5dɛ p
a

12dɛ p
r 5 volumetric strain increment; dɛ p

d 5 2ðdɛ p
a 1 2dɛ p

r Þ=3
5 deviatoric strain increment; and subscripts a and r 5 axial and
radial directions, respectively, in a triaxial setup. The superscript p
denotes plastic components.

In a later work, Roscoe et al. (1963) proposed a dilatancy equation
based on the principle of energy dissipation under triaxial condition,
which stated that the plastic input work is equal to the dissipated
energy in friction

p9dɛ pv þ q dɛ pd ¼ Mp9dɛ pd (2a)

where Eq. (2a) can be rearranged to the form of dilatancy
equation

dɛ pv
�
dɛ pd ¼ M2 q=p (2b)

This dilatancy equation reflects the flow rule of the original Cam
clay model developed by Schofield and Wroth (1968).

Another widely used stress dilatancy equation has been proposed
with the development of the Modified Cam clay model by Roscoe
and Burland (1968). The dilatancy equation can be expressed under
a triaxial condition

dɛ pv
�
dɛ pd ¼ M22 h2

2h
(3)

Based on this, various constitutivemodels have been developed. For
instance, the inclined yield and potential surfaces have been
generally accepted for constitutive models accounting for the feature

Table 1. Physical and Mechanical Properties of Wenzhou Clay

g (kN=m3) w (%) wL (%) wP (%) e0 k M sv09 (kPa)

15.5 67.5 63.4 27.6 1.89 0.042 1.25 75.4

Note: e0 5 initial void ratio; M 5 slope of critical state line; w 5 water
content;wL 5 liquid limit;wP 5 plastic limit; g5 unit weight; k5 swelling
coefficient; sv09 5 preconsolidation pressure.

Table 2. List of Undrained Triaxial Creep Tests on Wenzhou Clay

Test
w (%)

before creep Sample condition

Loading
condition
(Dq) (kPa)

CAUCreep-1 51.5 K0-consolidated at
p095 105 kPa, q0 5 67 kPa

12.6
CAUCreep-2 50.5 16.8
CAUCreep-3 51.2 20.5
CAUCreep-4 51.1 25.2
CIUCreep-1 54.6 Isotropically consolidated at

p095 105 kPa, q0 5 0 kPa
60.9

CIUCreep-2 54.9 65.1
CIUCreep-3 54.7 69.3
CIUCreep-4 55.1 75.6

Fig. 1. Undrained triaxial creep tests on K0-consolidated samples: (a) axial strain versus time; (b) excess pore pressure versus time

Fig. 2. Undrained triaxial creep tests on isotropically consolidated samples: (a) axial strain versus time; (b) excess pore pressure versus time
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of anisotropy (e.g., Dafalias 1987; Hashiguchi and Chen 1998;
Asaoka et al. 2002; Ling et al. 2002; Wheeler et al. 2003; Yin et al.
2010b, 2011). The dilatancy equation can be generally expressed
as follows:

dɛ pv
�
dɛ pd ¼ M22 h2 2ðh2aÞ�

(4)

wherea5 inclination of yield or potential surface in p9-q plan. The
initial value can be estimated by aK0 5 ðh2K0

1 3hK0 2M2Þ=3 for
K0-consolidated clays (see Wheeler et al. 2003). For a5 0, Eq. (4)
can be reduced to Eq. (3).

Stress Dilatancy of a K0-Consolidated Sample

The undrained triaxial condition implies a null volumetric strain
ðdɛa 1 2dɛr 5 0Þ. Thus, during an undrained creep, the incremental
deviatoric strain can be obtained

dɛd ¼ 2=3ðdɛa2 dɛrÞ ¼ dɛa (5)

Because of the null change of the deviatoric stress during an un-
drained creep test, the elastic deviatoric strain is null. Therefore,
Eq. (5) can be used for the incremental plastic deviatoric strain,
based on which the evolution of dɛ p

d with time in Fig. 3(a) was
obtained from Fig. 1(a).

Furthermore, the null volumetric strain condition also implies
the relationshipdɛ p

v 52dɛ e
v between plastic and elastic volumetric

strains; thus, the increment of plastic volumetric strain can be ob-
tained by the change of mean effective stress from the generation of
excess pore pressure (dp952du), as follows:

dɛ pv ¼ du=K (6)

with the bulkmodulusK5 ð11 e0Þp9=k and p95 p0 1Dq=32Du.
Therefore, the evolution of both dɛ p

v and stress ratio q=p9with time
in Figs. 3(b and c) was obtained from Fig. 1(b).

Therefore, the stress–dilatancy relationship can be plotted in
Fig. 3(d) for all creep tests, which demonstrates a unique relation-
ship for different deviatoric stress levels. In Fig. 3(d), four different
dilatancy equations [Eqs. (1)–(4)] were also plotted, which shows
that the dilatancy equation by Rowe (1962) and that by Roscoe et al.
(1963) can better describe the stress dilatancy behavior of undrained-
creep tests on K0-consolidated samples.

Stress Dilatancy of an Isotropically
Consolidated Sample

Similar to the previous section, the evolution of dɛ p
d , dɛ

p
v , and q=p9

with time in Figs. 4(a–c) were obtained from the evolutions of axial
strain and excess pore pressure in Figs. 2(a and b). Thus, the stress–
dilatancy relationship was plotted in Fig. 4(d) for all four tests on
isotropically consolidated samples. The stress–dilatancy relation-
ship from tests on K0-consolidated samples was also plotted in
this figure, which demonstrates a unique relationship for different
deviatoric stress levels and different consolidation conditions. Again,
in Fig. 4(d) four typical dilatancy equations [Eqs. (1)–(4)] were also
plotted, which shows that the dilatancy equation by Rowe (1962)
and that by Roscoe et al. (1963) can also better describe the stress
dilatancy behavior of undrained creep tests on isotropically con-
solidated samples.

Fig. 3. Undrained triaxial creep tests on K0-consolidated samples: (a) plastic deviatoric strain rate versus time; (b) plastic volumetric strain rate
versus time; (c) stress ratio versus time; (d) ratio of plastic strain increment versus stress ratio
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Modification of the Stress Dilatancy Equation

Because of the discrepancy in fitting experimental tests, a material
constantD is often introduced in dilatancy equations for sand, such
as that proposed by Jefferies (1993), Gajo and Muir Wood (1999),
Yin et al. (2010a), and Yin and Chang (2012)

dɛ pv
�
dɛ pd ¼ D� f ðM,hÞ (7)

If the constantD is introduced in Eqs. (1)–(4), different values of D
can be obtained based on the best curve fitting shown in Fig. 5(a).
Because of the modification, the difference between four stress-
dilatancy functions in Fig. 4(d) becomes slight within the zone of test
data,while for low stress ratio the difference is still significant. Based

on comparisons with available test data, it can be pointed out that all
modified equations can describe the stress–dilatancy relationship
during an undrained creep. Although the test data are located in a
limited zone with the stress ratio h superior to 0.65, the modified
dilatancy equation implied by Eq. (4) seems to better describe the
whole trend. The constant D can be determined from tests on either
K0-consolidated samples or isotropically consolidated samples.

If the evolution of inclination a during shearing (namely induced
anisotropy) by Wheeler et al. (2003) is accepted as

da ¼ m
�ð3h=42aÞ�dɛ pv

�þ bðh=32aÞdɛ pd
�

(8)

then the dilatancy curve by the modified Eq. (4) varies from a
5aK0 toM=3 because of the dominant deviatoric straining during

Fig. 4. Undrained triaxial creep tests on isotropically consolidated samples: (a) plastic deviatoric strain rate versus time; (b) plastic volumetric strain
rate versus time; (c) stress ratio versus time; (d) ratio of plastic strain increment versus stress ratio

Fig. 5. Stress–dilatancy curves: (a) comparison with different modified dilatancy equations; (b) comparison with the modified dilatancy accounting
for induced anisotropy

4



an undrained creep, shown in Fig. 5(b), which is suitable according
to experimental results.

Conclusions

Undrained triaxial creep tests were performed on K0-consolidated
and isotropically consolidated samples of a typical Chinese soft
marine clay. A unique stress–dilatancy relationship was obtained
from all tests. Four typical stress–dilatancy relations such as di-
latancy equations by Rowe (1962), Roscoe et al. (1963), Roscoe and
Burland (1968), and Dafalias (1987) were discussed comparing to
experimental results. Comparisons show that the dilatancy equation
by Rowe (1962) and that by Roscoe et al. (1963) can better describe
the stress dilatancy behavior of undrained creep tests.

A common modification method for the stress dilatancy of sand
was applied to the stress dilatancy of clay during an undrained creep.
All comparisons demonstrate that four modified dilatancy equations
can describe the stress-dilatancy relationship during an undrained
creep. The modified dilatancy equation with the inclination of po-
tential surface seems to better describe the whole trend, and is suitable
for natural soft clay.

Future works on numerical modeling will be carried out on the
application of the stress dilatancy to soft soils.
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