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Abstract
This paper presents the results of shear creep experimental investigations carried out on Huzhou overconsolidated soft clay and
subsequently proposes a constitutive model that is able to reproduce the shear creep characteristics under complex stress
conditions. First, shear creep characteristics are obtained based on the analysis of results from drained triaxial shear creep tests
conducted on clay samples. Then, the Yin-Graham equivalent time is extended into shear stress states; thus, the concept of shear
equivalent time is formulated. Using the shear creep characteristics observed from experiments and the shear equivalent time
concept, a shear stress-strain-strain rate creep model reflecting a complex loading history and loading path is proposed. Finally,
the model is solved numerically with the fourth-order Runge-Kutta method, and the predictions are compared with the measured
values. The results show that (1) the shear creep coefficient of Huzhou overconsolidated soft clay varies with the
overconsolidation ratio levels, and there is a good correspondence between them, which is similar to the relationship of the
volumetric creep coefficient and overconsolidation ratio; (2) the predicted curves of the new model are in good agreement with
measured curves, which demonstrates that the model can well simulate the shear creep characteristics of soft clay under complex
stress conditions.
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Introduction

Soft clay is widely distributed in the southeast coastal area of
China, where the economy is highly developed and the pop-
ulation is relatively dense. In parallel, large economic losses

and human casualties are caused annually because of the post-
construction settlement of engineering projects built on soft
soil foundations, such as highways and high-speed railroads.
Studies have shown that post-construction settlement on soft
soil foundations is mainly caused by soil creep (Yao et al.
2018). Accordingly, studies of the creep behavior on soft soil
foundations are of practical importance. In engineering prac-
tice, a technique combining surcharge loading and drainage
consolidation has been widely used that can effectively reduce
the magnitude of post-construction settlement (Bo et al. 2007;
Lei et al. 2016; Wang et al. 2018).

The creep behaviors of geomaterials are usually classified
as “volumetric creep” and “deviatoric creep” (Kavvadas and
Kalos 2019; Venda Oliveira et al. 2019). In “volumetric
creep”, the dominant stress causing creep strains is isotropic
stress, whereas the dominant stress in “deviatoric creep” is
deviator stress. Moreover, deviatoric creep is also called shear
creep in conventional triaxial states. The majority of studies
are concentrated on volumetric creep behavior (Venda
Oliveira et al. 2019), and scholars have performed tremendous
work on laboratory studies and the modeling of volumetric
creep behavior (Mesri and Castro 1987; Yin and Graham
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1999; Kim and Leroueil 2001; Zhou et al. 2018). In contrast,
research on shear creep is relatively limited. In fact, shear
creep can also lead to large accidents, such as shear deforma-
tion or the instability of steep slopes and the failure of shear
zones in landslides (Li et al. 2019). Ma et al. (2014) conducted
a set of shear creep tests on deep-sea simulative soil, and
analyzed the creep strain characteristics under different shear
stresses. Yang et al. (2012) applied the digital image process-
ing technique to triaxial shear creep tests, and obtained more
accurate experimental data for Shanghai muddy clay. These
experimental studies have helped researchers to better under-
stand the shear creep characteristics of soils, and provided a
basis for further inductive theory building.

Regarding the modeling of the shear creep behavior of
soils, scholars have developed a series of constitutive models
(Singh and Mitchell 1968; Mesri et al. 1981; Borja 1992; Lai
et al. 2014). The Singh-Mitchell model and Mesri model ap-
pear to be the most classical models. The Singh-Mitchell mod-
el gives reasonable predictions of creep strains for shear stress
intensity in the range of 30–90%, but predictions at lower
stress intensity are not satisfactory. To overcome this deficien-
cy, Mesri et al. (1981) proposed a hyperbolic shear creep
model with which to effectively describe the shear creep
strains of soils under various stress levels. These two models
are empirical models with few parameters, and give reliable
predictions to some extent. However, these models have cer-
tain limitations, such as neglecting the influence of the
overconsolidation ratio and adopting the real loading time,
which make them unable to reflect the effects of the loading
history and loading path.

Overconsolidated soil is formed due to the loading and
reloading in the process of surcharge loading, and the
overconsolidation ratio is the main cause affecting the
behavior of overconsolidated soil. Gu et al. (2016) found
through a series of experiments that the shear strength in-
creased with increasing overconsolidation ratio OCR and
suggested an equation to describe this phenomenon.
Fujiwara and Ue (1990) and Leoni et al. (2008) pointed out
that the settlements of overconsolidated soils depend greatly
on the OCR value. In recent decades, much attention has been
focused on the correlation of the secondary compression index
(Cαe = △e/△lgt) or the volumetric creep coefficient (Cαv = △εv/
△ lg t) with other soil characterist ics, such as the
overconsolidation ratio (Ye et al. 2014). Mesri et al. (1997),
Venda Oliveira et al. (2013), and Hu and Yang (2017) found
that surcharge loading can effectively reduce the secondary
consolidation coefficient of soils. Based on the tremendous
analysis of experiments, Alonso et al. (2000) and Li et al.
(2015, 2016) suggested that there is a one-to-one correspon-
dence between the volumetric creep coefficient and OCR, and
Cαv decreased with an increase in OCR. Lin andWang (1998)
combined Mesri’s empirical rheological model with a power
function of the OCR and deduced a shear creep constitutive

model for overconsolidated soils. Wang and Peng (2006) fur-
ther modified the stress-strain hyperbolic equation in Lin’s
model and formulated a shear creep model considering both
strain-hardening and strain-softening phenomena simulta-
neously. The above two models did not establish an explicit
relationship between the OCR and creep coefficient. That is,
they failed to reflect the fact that the creep coefficient of
overconsolidated soil varies with OCRs. Simultaneously, all
of them were established using real loading time and failed to
consider the influence of the loading path.

The “equivalent time method” suggested by Yin and
Graham (1994) is an effective way to consider the influence
of the loading path. Using the method, Yin and Graham de-
duced a general stress-strain-strain rate volumetric creep mod-
el. This model uses a logarithmic function with a constant
creep coefficient to describe the creep compression, which is
suitable for various loading paths. This work provides a prom-
ising method for considering the effects of the loading path
and shines light on further studies.

Hence, in this research, a series of experiments was carried
out on Huzhou soft clay to study the shear creep behavior of
overconsolidated soil under complex loading conditions.
Subsequently, using the creep characteristics observed from
shear creep tests and the equivalent time concept, a shear creep
model of overconsolidated soils is then derived. Finally, the
analytical solutions for the model equation under fully drained
conditions are obtained and verified through the experimental
results of Huzhou soft clay.

Triaxial shear creep tests

Testing materials and methods

In this study, triaxial drained shear creep tests were conducted
using a GDS automatic triaxial apparatus, which was designed
andmanufactured by the GDS corporation in the UK, and it can
carry out conventional triaxial compression tests and creep tests
under constant stress and stress relaxation tests under constant
strain. A schematic diagram and photo of the apparatus are
shown in Fig. 1. A typical schematic diagram of the controlling
stress path is shown in Fig. 2 to elaborate the overall shear creep
test processes. The soft clay studied herein was obtained from 5
to 9 m beneath the ground surface from the Huzhou region in
China. This clay has high water contents, high compressibility,
and low bearing capacity. The basic physical properties of these
clay samples are listed in Table 1. To minimize soil disturbance
and moisture loss, undisturbed soil samples were taken with a
thin-walled tube sampler and sealed in metal tubes with the
ends closed and transported to the laboratory. Finally, cylindri-
cal specimens with a diameter of 39.1 mm and a height of
80 mm were carefully trimmed from the undisturbed soil and
then mounted in the triaxial cell.
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Following this, a back pressure of 280 kPa with an effective
stress of 20 kPa was applied (cell pressure equals 300 kPa),
until B values greater than 0.98 were achieved, which indi-
cates that the process of saturation is completed. This process
usually took 20~30 h after the back pressure was applied.

After saturation,K0 consolidation followed. In this process,
the cell pressure is first increased with the back pressure un-
changed to achieve the required effective confining pressure.
Then, the axial pressure is gradually increased until the

designed K0 value is reached. The loading rate during these
processes is 1 kPa/min.

All the tests in this study were carried out under drained
conditions, and the overconsolidation ratio is defined follow-
ing the method suggested by Li et al. (2015), that is, using the
shear stress to reflect the overconsolidation ratio.

OCRq ¼ qc
q0

ð1Þ

where OCRq is the overconsolidation ratio defined by shear
stress, which is also called the shear overconsolidation ratio;
qc is the pre-shear stress, or overloads; and q0 is the current
shear stress.

Based on the analysis of laboratory data from over 170
different soils, Mayne and Kulhawy (1982) investigated the
relationship between K0 and OCR and obtained an equation

relating the two of them, which is expressed as K0 ¼ K0nc

OCRð Þsinφ
0
withK0nc = 1 − sin φ′. According to Mayne’s

work, K0 increased with increasing OCR, which means that
the K0 coefficient of overconsolidated soils is larger than that
of normally consolidated soils; other researchers also obtained
similar conclusions (Sivakumar et al. 2009; Bozzano et al.
2014). The K0 coefficient of Huzhou soft clays approximately
equals 0.6, according to the above studies and former experi-
ments. Therefore, in these experiments, specimens were ini-

tiallyK0 consolidated up to σ
0
3 =30 kPa for a constantK0 value

of 0.6. After K0 consolidation, the specimens were sheared to
different overloads (40 kPa and 80 kPa). The specimens were
then unloaded-reloaded to produce overconsolidated samples
with specific OCRq values. Once the desired OCRq was
reached, the specimen was allowed to creep for several days.
The specific test scheme is shown in Table 2.

Test results and discussion

Figure 3a shows the test results between axial strains and
elapsed time under five overconsolidation ratios (4.50, 3.00,
2.00, 1.33, and 0.89) on T1. Figure 3b shows the same curves
under four overconsolidation ratios (4.00, 2.67, 1.78, and
1.19) on T2.

As shown in Fig. 3, Huzhou soft clay shows apparent creep
behavior under the overconsolidation state. The relationships
of axial strain ε1 and elapsed time t are all power functions
under different overconsolidation ratios. The axial strain in-
creases rapidly with time in the initial loading phase, and

Fig. 1 GDS automatic triaxial apparatus: a sketch and b photo

Fig. 2 Schematic diagram of the stress path

Table 1 Physical properties of Huzhou soft clays

ω(%) ρ(g/cm2) Gs ωL(%) ωP(%) c’(kPa) φ’(°)

47.3 1.87 2.66 50.1 25.5 8.17 32.45
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evolves at a constant strain rate toward a stabilized state, cor-
responding to what is usually called primary and secondary
creep stages (or called transient and stationary creep stages)
(Augustesen et al. 2004; Andargoli et al. 2019); tertiary creep
(or acceleration creep) behavior is not observed herein. It can
also be found that the stable value of creep strain decreases
with increasing overconsolidation ratio levels, which demon-
strates that the surcharge preloading technique can effectively
reduce the post-construction settlement of soft soil
foundations.

Taking the natural logarithm of axial strain ε1 and time t in
Fig. 3, we obtain the lnε1–lnt curves of different
overconsolidation ratios for specimens T1 and T2, which are
shown in Fig. 4 a and b, respectively.

Figure 4 shows that in the double-logarithmic coordinates,
the axial strain increases linearly with the elapsed time. Unlike
those of normally consolidated clay (Borja 1992), the straight
lines herein are not parallel. The slope of these plots is the
creep coefficient for shear creep tests, which is also called
the shear creep coefficient λ.

λ ¼ Δlnε1
Δlnt

ð2Þ

The specific values of the shear creep coefficient λ of the
two specimens are summarized in Table 3.

As shown in Table 3, for a given specimen, there is a
negative correlation between the shear overconsolidated ratio

Fig. 3 Creep test results of ε1 versus t of a specimen T1 and b specimen
T2 Fig. 4 Curves between lnε1 and lnt of a specimen T1 and b specimen T2

Table 2 Schemes of shear creep tests

Specimen Consolidation pressure
(σ

0
1,σ

0
3 )/kPa

Overloads
(σ

0
1 -σ

0
3 )max/kPa

Effective shear stress (σ
0
1 -σ

0
3 )/kPa

T1 (50, 30) 40 20(1d)→ 40(1d)→ 8.9(3d)→ 13.3(3d)→ 20(3d)→ 30(7d)→ 45(5d)

T2 80 20(1d)→ 80(1d)→ 20(2d)→ 30(2d)→ 45(2d)→ 67.5(2d)
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OCRq and shear creep coefficient λ. That is, an increase in
OCRq leads to a decrease in λ. To obtain the explicit equation
of OCRq and λ, the test data in Table 3 are plotted and fitted,
and the fitting results corresponding to specimens T1 and T2
are shown in Fig. 5 a and b, respectively.

The fitting curves in Fig. 5 indicate that the shear creep
coefficients of Huzhou soft clay under different overloads
vary with OCRq, and the mathematical formula can be written
as

λ ¼ Aþ Bexp −C � OCRq
� � ð3Þ

where A, B, and C are fitting parameters, and the specific
values are shown in Table 4.

It can be observed that the empirical formula of the shear
creep coefficient versus the shear overconsolidation ratio is
similar to that of the volumetric creep coefficient versus the
overconsolidation ratio suggested by Alonso et al. (2000) or
Li et al. (2015), which further verifies the rationality of the
obtained empirical formula.

Shear creep model

To replicate the shear creep characteristics (such as the effects
of loading history and loading path) observed in Huzhou
overconsolidated soft soil, a more suitable constitutive model
is needed.

Framework of the elastic viscoplastic model

Following the framework of Perzyna’s overstress theory
(Perzyna 1963, 1966), the total strain rate is decomposed into

two parts: an elastic strain rate ε̇e1 and a viscoplastic strain rate

ε̇vp1 .

ε˙ 1 ¼ ε˙
e
1 þ ε˙

vp
1 ð4Þ

where ε1 denotes the axial strain, a “dot” over the symbols
indicates the rate of the variable, and the superscripts “e” and
“vp” denote the elastic and viscoplastic components,
respectively.

Generally, the elastic strain rate ε̇e1 can be written as

ε˙
e
1 ¼

p
0˙

3K
þ Ṡ1

2G
ð5Þ

K ¼ 2 1þ νð Þ
3 1−2νð Þ G ð6Þ

where p′ denotes the effective mean normal stress; S1 denotes
the first deviator stress tensor, expressed asS1=σ

0
1−p

0
in the

generalized stress state (orS1=2 σ
0
1−σ

0
3

� �
=3 in the conventional

triaxial state), where σ
0
1 and σ

0
3 denote the major and minor

effective principal stresses, respectively; K and G denote the
bulk modulus and shear modulus, respectively; and ν is
Poisson’s ratio, which usually takes the value of 0.3 for clays.

According to the theory of continuum thermomechanics
with internal variables of state (Houlsby and Puzrin 2006;

Maugin 2015), ε̇vp1 is a dissipative mechanical variable; in all
generality, it is a function of the dissipative stress (shear stress
q herein) and internal variable (axial strain ε1 herein):

ε˙
vp
1 ¼ f q; ε1ð Þ ð7Þ

Equation (7) indicates that the viscoplastic strain rate εvp1 is
related to shear stress q and axial strain ε1. That is, for a given
q and ε1, the viscoplastic strain rate ε̇

vp
1 in relation to the (q, ε1)

Fig. 5 Relationship curves between the shear creep coefficient and shear
overconsolidation ratio of a specimen T1 and b specimen T2

Table 3 Shear creep coefficient of specimen T1 and T2

T1 OCRq 0.89 1.33 2 3 4.5

λ 0.0468 0.0375 0.0286 0.0167 0.0072

T2 OCRq 1.19 1.78 2.67 4

λ 0.0686 0.0482 0.0294 0.0141
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state is a certain value, which is independent of the way to
reach the state. Therefore, the constitutive model related to the
loading path can be established.

Shear equivalent time

Mesri et al. (1981) incorporated a power function of elapsed
time into the Konder hyperbolic equation (Kondner 1963) and
derived a stress-strain-time model for soils. As discussed pre-
viously, this model fails to reflect the effects of the loading
path and loading history. Yin and Graham established a con-
cept of equivalent time and derived a one-dimensional elastic
viscoplastic model using the strain rate instead of real loading
time. Referring to this concept, the effects of the loading path
can be taken into consideration.

This section extends the equivalent time concept into shear
stress states and makes preparations for further modeling.

As shown in Fig. 6, point i is the original state point, cor-
responding to a shear stress q0 and a strain ε1, i. The sudden
application of a shear stress q1 causes the path in (q, ε1) space
moves from point i to point (i + 1)′ instantaneously, and then
creep from point (i + 1)′ to point i + 1 under a constant stress
q1.

Similar to the definition of the Yin-Graham equivalent
time, the shear equivalent time te is defined as the time needed
to creep from the reference timeline to the current stress-strain
(q, ε1) state. The shear equivalent time of point i is te, i, corre-
sponding to a unique stress-strain (q0,ε1, i) state. The shear
equivalent time of point (i + 1)′ is t

e; iþ1ð Þ0 , which can be cal-

culated from point i and the shear stress q1. The shear

equivalent time of point i + 1 can be expressed as the sum of
t
e; iþ1ð Þ0 and real creep duration t1. More details will be

discussed later.

Formulation of a shear stress-strain-strain rate
constitutive model

To consider the effects of the loading path, the Mesri creep
model can be modified using equivalent time under conven-

tional triaxial states (σ
0
2 ¼ σ

0
3, shear stressq ¼ σ

0
1−σ

0
3 )

ε1 ¼ 1

Ar

q
1þ Brq

tr þ te
tr

� �λ

ð8Þ

where λ is the shear creep coefficient; tr represents the refer-
ence time; te represents the equivalent time; and the hyperbolic
parameters Ar and Br correspond to the reference time tr.

By calculating the derivative of Eq. (8) with respect to time,
the stress-strain of the viscoplastic component can be derived

as (ε̇e1 =0 because stress remains constant during creep tests, so

ε̇1 ¼ ε̇vp1 )

ε˙
vp

1 ¼ λ

Artr

q
1þ Brq

tr þ te
tr

� �λ−1

ð9Þ

As mentioned earlier, the shear creep coefficient λ is a
function of the shear overconsolidation ratio OCRq, which is
expressed as Eq. (3) and simplified as

λ ¼ λ OCRq

� � ð10Þ

Substituting Eq. (10) into Eq. (9) gives

ε˙
vp

1 ¼
λ OCRq

� �
Artr

q
1þ Brq

tr þ te
tr

� �λ OCRqð Þ−1
ð11Þ

Rearranging Eq. (8) leads to

te ¼ −tr þ tr Arε1
1

q
þ Br

� �� � 1
λ OCRqð Þ ð12Þ

Substituting Eq. (12) into Eq. (11) gives

ε˙
vp

1 ¼
λ OCRq

� �
tr

1

Ar

q
1þ Brq

� � 1
λ OCRqð Þ

ε1ð Þ
λ OCRqð Þ−1
λ OCRqð Þ ð13Þ

Table 4 Parameters of shear creep coefficient formulation

Overloads
(σ

0
1 -σ

0
3 )max/kPa

Formula parameters

A B C

40 0.0012 0.0724 0.5120

80 0.0022 0.1368 0.6088

Fig. 6 Schematic diagram of the shear equivalent time
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It can be observed from Eq. (12) that time te is a function of
shear stress and axial strain, which can be simplified as te =
f(q, ε1). During the derivation of Eq. (13), te plays an impor-
tant role as a bridge, transforming the stress-strain-time equa-
tion into the stress-strain-strain rates equation. Therefore, sim-
ilar to Yin and Graham (1994, 1999), te is herein called the
shear equivalent time.

As seen from Eq. (13), the viscoplastic strain rate is a
unique function of three variables: shear stress q, axial strain
ε1, and shear overconsolidation ratio OCRq, which makes it
available for any loading path and loading history. That is, the

viscoplastic strain rate ε̇vp1 in relation to (q, ε1, OCRq) can be
expressed and calculated by Eq. (13) in any loading condition.

Substituting Eqs. (5) and (13) into Eq. (4) yields

ε˙ 1 ¼ p
0˙

3K
þ q̇

3G

þ λ OCRq

� �
tr

1

Ar

q
1þ Brq

� � 1
λ OCRqð Þ

ε1ð Þ
λ OCRqð Þ−1
λ OCRqð Þ ð14Þ

Equation (14) is a shear stress-strain-strain rate relationship
for overconsolidated clays that can simulate the effect of the
loading path and loading history.

Solution for the creep model under fully
drained conditions

To simulate the shear creep behavior of Huzhou soft clay, this
section presents the solution for the above shear stress-strain-
strain rate equation under fully drained conditions.

For a shear creep test under a certainOCRq, the shear creep
coefficient remains constant, which is set as λ1 in the follow-
ing part. The loading process of a shear creep test is shown in
Fig. 6.

In drained conventional triaxial conditions,

p
0 ¼ σ

0
1 þ 2σ

0
3

� �
=3, q ¼ σ

0
1−σ

0
3

� �
. The relation between the

effective mean normal stress increment dp′ and shear stress
increment dq is given as (Xiao and Desai 2019)

dp
0 ¼ dq=3 ð15Þ

Rewriting Eq. (14) into a differential form yields

dε1 ¼ 1

9K
þ 1

3G

� �
dqþ λ1

tr

1

Ar

q
1þ Brq

� � 1
λ1

ε1ð Þ
λ1−1
λ1 dt ð16Þ

The loading process from point i to point i + 1 can be cat-
egorized into two stages: loading from point i to point (i + 1)′

and loading from point (i + 1)′ to point i + 1.
The first stage is instantaneous (t = 0), so the corresponding

viscoplastic strain equals 0. Integrating Eq. (16), gives

∫
ε
1; iþ1ð Þ0
ε1;i dε1 ¼ ∫q1q0

1

9K
þ 1

3G

� �
dq ð17Þ

Subsequently, the total strain ε
1; iþ1ð Þ0 in relation to point

(i + 1)′ can be written as

ε
1; iþ1ð Þ0 ¼ ε1;i þ 1

9K
þ 1

3G

� �
q1−q0ð Þ ð18Þ

The second stage is from point (i + 1)′ to point i + 1, and the
creep duration is t1. In this process, the shear stress remains
constant at q1, and only the viscoplastic strain is produced. Eq.
(14) can be modified as

ε˙ 1 ¼ λ1

tr

1

Ar

q1
1þ Brq1

� � 1
λ1

ε1ð Þ
λ1−1
λ1 ð19Þ

The whole process can be divided into n smaller processes,
and can be expressed as (i + 1)′,···(i + 1)j′,···(i + 1)n′. The time
duration of each tiny process becomesΔt = t1/n, which is very
short.

For the first process (i + 1)′→(i + 1)″, the strain rate can be
regarded as constant, and can be expressed by the rate at any
point in this process (the front point (i + 1)′ is selected herein).

According to Eq. (19), the strain rate of the first process can
be written as

ε˙
1; iþ1ð Þ0 ¼

λ1

tr

1

Ar

q1
1þ Brq1

� � 1
λ1

ε
1; iþ1ð Þ0

� 	λ1−1
λ1 ð20Þ

the strain increment in this process is

Δε1;1 ¼ ε˙
1; iþ1ð Þ0Δt

¼ λ1t1
ntr

1

Ar

q1
1þ Brq1

� � 1
λ1

ε
1; iþ1ð Þ0

� 	λ1−1
λ1 ð21Þ

Thus, the axial strain corresponding to point (i + 1)″ is

ε1; iþ1ð Þ″ ¼ ε
1; iþ1ð Þ0 þΔε1;1 ¼ ε

1; iþ1ð Þ0 þ ε˙
1; iþ1ð Þ0Δt ð22Þ

Substituting, Eqs. (18) and (21) into Eq. (22) results in

ε1; iþ1ð Þ″ ¼ ε1;i þ 1

9K
þ 1

3G

� �
q1−q0ð Þ

þ λ1t1
ntr

1

Ar

q1
1þ Brq1

� � 1
λ1

ε
1; iþ1ð Þ0

� 	λ1−1
λ1 ð23Þ

For the intermediate process (i + 1)j′→(i + 1)j + 1′, similar to
the first process, the strain increment can be written as
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Δε1; j ¼ ε˙
1; iþ1ð Þ j0Δt

¼ λ1t1
ntr

1

Ar

q1
1þ Brq1

� � 1
λ1

ε
1; iþ1ð Þ j0

� 	λ1−1
λ1 ð24Þ

The axial strain corresponding to point i + 1 can be calcu-
lated by the sum of the strain increments of all n processes,
which is

ε1;iþ1 ¼ ε
1; iþ1ð Þ0 þ ∑

n

j
Δε1; j ¼ ε1;i þ 1

9K
þ 1

3G

� �
q1−q0ð Þ

þ ∑
n

j

λ1t1
ntr

1

Ar

q1
1þ Brq1

� � 1
λ1

ε
1; iþ1ð Þ j0

� 	λ1−1
λ1

ð25Þ

Once the soil parameters K, G, Ar, Br, tr, and λ are deter-
mined and the initial strain ε1,i as well as the corresponding
shear stress q0 are given, the shear creep strain at any point can
be calculated by Eq. (25). For the sake of simplifying the
calculation process, the whole procedure was programmed
using the fourth-order Runge-Kutta method. Runge–Kutta
methods are important methods for numerical integration of
linear ordinary differential equations, with fair accuracy.
Among them, the fourth-order Runge-Kutta method is the
most classical with four stages. A general fourth-order
Runge-Kutta method can be written as

k1 ¼ f tn; ynð Þ
k2 ¼ f tn þ h

2
; yn þ

h
2
k1

� �

k3 ¼ f tn þ h
2
; yn þ

h
2
k2

� �

k4 ¼ f tn þ h; yn þ hk3ð Þ

9>>>>>>=
>>>>>>;

ð26Þ

ynþ1 ¼ yn þ
h
6

k1 þ 2k2 þ 2k3 þ k4ð Þ ð27Þ

where h =Δt is the time step, tn = nh, and yn is an approxima-
tion to y(tn).

To illustrate the implementation process of the Runge-
Kutta method in the numerical program, a flowchart is shown
in Fig. 7.

Calibration and validation

Determination of model parameters

The parameters of the proposed shear creep model include
shear modulus G, Poisson’s ratio ν, reference time tr, shear
creep coefficient λ, and parameters Ar and Br. All these pa-
rameters can be determined by a multistage shear creep test
and conventional triaxial tests.

The shear modulusG can be determined by the unloading
behavior of triaxial tests. It was found thatG is a function of

effective cell pressure σ
0
3, expressed as G ¼ G0pa σ

0
3=pa

� �n
,

the same as the equation given by Yang et al. (2019), where
G0 and n are fitting parameters; Poisson’s ratio ν usually
takes the default value of 0.3 for soft clays. Lin and Wang
(1998) suggested that the reference time tr can be selected
arbitrarily because model parameters corresponding to dif-
ferent tr can be converted to each other; tr is chosen herein as
60 min (1 h); the shear creep coefficient λ is a function of
OCRq, which is expressed as Eq. (3).

The parameters Ar and Br are determined as follows:
Rearranging Eq. (8) yields

lnε1 ¼ ln ε1oð Þ þ λln
tr þ te
tr

� �
ð28Þ

where

ε1o ¼ 1

Ar

q
1þ Brq

ð29Þ

Fig. 7 Flowchart of the calculation program
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Rearranging Eq. (29) yields

1

ε1o
¼ Ar

1

q
þ ArBr ð30Þ

Using the curve-fitting technique, parameters λ and ε1o can
be obtained in the lnε1-ln[(tr + te)/tr] plot according to Eq. (28).
The relationship of lnε1o-ln[(tr + te)/tr] in drained triaxial creep
tests for a constant q is almost linear. Therefore, parameters Ar
and Br can be obtained in the 1/ε1o-1/q plot according to Eq.
(30).

All parameters corresponding to Huzhou soft clay are de-
termined using the above methods. The parameters for the
shear creep coefficient are summarized in Table 4, and the
other parameters are listed in Table 5.

The model parameters determination method used here is
the deterministic method. Tan et al. (2018) pointed out that a
deterministic method concerns the best fitting between the
predictions and the observations, but ignores the uncertainties
associated with statistical uncertainty, measurement error, and
model uncertainty. The amount of measurement data may af-
fect the accuracy of determining the model parameters, as do
the unreasonable measurement data. However, as long as un-
reasonable measurement data are eliminated, the deterministic
method is relatively simple with fair accuracy.

Validation of the model

According to the aforementioned solution method and soil
parameters presented in Tables 4 and 5, the predictions of
the proposed model are obtained numerically and compared
with the experimental results. The comparisons are shown in
Fig. 8.

Figure 8 a and b show the comparisons between the
measured and simulated results for shear creep tests of
specimens T1 and T2, respectively. In general, the pre-
dictions are all in reasonable agreement with the experi-
mental results, although some discrepancies were noted
(which may be caused by the uncertainty of the param-
eter determination method mentioned above), which in-
dicates the accuracy of the new model. This model could
also capture the basic shear creep behaviors as follows:
(1) When the overload remains constant, the increment
o f s t r a i n d e c r e a s e s w i t h i n c r e a s i n g s h e a r
overconsolidation ratio levels. (2) The shear creep strains
mainly occur in the initial stage of loading. With

increasing loading time, the creep rate slows down, and
the creep strain tends to be stable.

Conclusions

In this study, the shear creep behaviors of Huzhou
overconsolidated soft clays are investigated. A new shear
stress-strain-strain rate model is then presented for simulating
such behaviors. The following conclusions can be drawn.

(1) Similar to the relationship of the volumetric creep coef-
ficient Cαv or secondary compression index Cαe versus
the overconsolidation ratio OCR, there is a one-to-one
correspondence between the shear creep coefficient λ
and overconsolidation shear stress ratio OCRq.
Moreover, λ decreases with increasing OCRq.

(2) The Yin-Graham equivalent time is extended into the
shear stress state, and the concept of shear equivalent
time is then established. With the extended shear equiv-
alent time, the new model replaces the real loading time

Fig. 8 Diagram between the shear strain and time of a specimen T1 and b
specimen T2

Table 5 Parameters of shear creep model

Overloads G0 n ν tr/
min

Ar/kPa Br/
kPa−1

40 15.15 0.937 0.3 60 43.14 0.8661

80 11.01 0.810 0.3 60 191.36 0.1280
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with the strain rate and considers the influence of the
overconsolidation ratio, which makes it possible to re-
flect the effects of the loading path and loading history.

(3) The solution of the model equation under drained condi-
tions is obtained using the fourth-order Runge-Kutta
method. Comparisons between the calculated results
and test results indicate that the model is capable of
predicting the shear creep behaviors of overconsolidated
soft soils with fair accuracy.

The model is verified using shear creep tests, and further
laboratory testing is suggested to verify the ability of this
model in simulating other rheological behaviors, such as stress
relaxation and strain rate effects.
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