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-e stress-strain characteristics of soil depend primarily on the previous stress history and stress path, thus related to both the
stress magnitude and direction. To have a better understanding of the response of soft clay under heart-shaped stress paths, 18
cyclic hollow cylinders tests were performed on undisturbed Hangzhou soft clay under different cyclic stress ratios, deviatoric
consolidation ratios (K0), and loading frequencies. -e result shows that as the vertical dynamic stress amplitude, K0 value, and
loading frequency increase, the degradation index gradually decreases. Moreover, the degradation index of the soil under the
cyclic torsion shear (CTS) test is always higher than that under the cyclic triaxial (CT) test. -e increase in the amplitude of the
cyclic stress ratio (CSR),K0 value, and the decrease in the loading frequency will promote the initial accumulative plastic strain and
accelerate the failure rate of the soil sample; it shows that the effects of cyclic stress ratio amplitude, deviatoric consolidation ratios
K0, and loading frequency on the accumulative plastic deformation of soil cannot be ignored. On the basis of the test results, a
logarithmic relationship between the degradation index and the loading frequency is determined. A new empirical formula of
accumulative plastic strain degradation of soft clay has been established, and its accuracy has been further verified by test data.-e
research results can provide theories for predicting and calculating the long-term settlement and deformation of clay foundation.

1. Introduction

Recently, a number of basic transportation facilities like
railways, subways, and highways have been built on the soft
clay layer in the coastal area, such as Hangzhou, an eco-
nomically developed coastal city in southeast China.
However, soft clay has poor physicomechanical property,
low bearing capacity, and high sensitivity and permeability
and is easy to soften, which are unfavorable to the foun-
dation stability. With the increasing traffic loads, the soft soil
foundation will produce large accumulative plastic defor-
mation, which would adversely influence the infrastructure
safety and may even lead to engineering accidents [1, 2].
Taking the river-crossing tunnel section of Hangzhou Metro
Line 1 as an example, the accumulative settlement exceeded
60mm in the first 12 months after construction, and it has
been settled at a rate of 1 to 2mm per month [3]. Another
example is the Shanghai Metro Line 1, where the cumulative

settlement reached 550mm, especially in the first 5 years of
service, there was an excessive unfavorable settlement of
320mm, and the average monthly settlement rate was
5∼6mm [4]. Consequently, it is necessary to research the
characteristics of the soft soil foundation under dynamic
traffic load.

At present, there are two main methods for deformation
analysis of soft clay under cyclic load. One is the dynamic
analysis method based on a complex elastoplastic consti-
tutive model [5]. -is method is based on the dynamic
consolidation equation and the dynamic elastoplastic con-
stitutive model of the soil. -e finite element method is used
for calculation, and the elastoplastic constitutive model is
used to reasonably describe the characteristics of the cu-
mulative deformation and cumulative pore pressure of the
soil under cyclic loading. Each step of the cyclic loading
process is calculated cyclically. -is is more in line with the
mechanical mechanism of the mutual influence of soil
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deformation and pore pressure dissipation. -e difficulty of
this method is that when the number of load cycles reaches
tens of thousands or even millions of times, the amount of
calculation is huge, which is not practical in engineering.
-erefore, it is rarely adopted by scholars. -e other is a
practical simplification method based on empirical models
[6–12]. -is method first divides the long-term settlement
into two parts, namely, the accumulated settlement caused
by plastic deformation in the soil under undrained cyclic
loading and the consolidation settlement caused by the
dissipation of pore pressure in the soil due to the cyclic load.
-en, based on the results of the indoor cyclic triaxial test,
the plastic strain and cumulative pore pressure model are
obtained. Finally, the layered sum method is used to cal-
culate the long-term settlement of the foundation. -e
existing empirical models can be divided into the following
types. -e first model is simple, which mainly explains the
influence of cycle times on accumulative deformation [13].
However, the failure to consider the influence of applied
stress limits its application. -e second model considers the
effect of additional stress, but it does not reflect the effect of
cycle number on accumulative deformation [14]. -e third
type of model can describe the variation of accumulative
deformation with cycle times and additional stress. How-
ever, this kind of model is complicated, and the acquisition
of model parameters requires a large number of fitting works
[15, 16]. -e experimental parameters in these empirical
models are generally obtained by fitting and lack the nec-
essary accumulative deformation analysis. In addition, the
physical meaning of the main parameters of the model is still
open to question.

-e aforementioned research results provide an im-
portant reference for better understanding the deformation
characteristics of soft soil. However, the above-mentioned
results are mainly based on the cyclic triaxial (CT) test. In the
cyclic triaxial test, the cyclic load is usually simplified to the
cyclic vertical load to study soil deformation under cyclic
load [17, 18]. In actual condition, the direction of principal
stress inside the soil body would rotate when subjected to
shearing. For example, under the action of traffic load and
other loads, the vertical and horizontal stresses on the
subgrade soil unit body show periodic changes. Further-
more, the magnitude and direction of shear stress will
change with external load, resulting in a continuous rotation
of the principal stress axis [19]. Figure 1 presents the stress
path caused by the rotation of the principal stress axis under
traffic loads. -ere are few studies on the influence of ro-
tation of the principal stress axis on soft soil deformation
[20–22]. AlthoughWu and Cai carried out a series of hollow
torsional shear tests on Wenzhou soft clay and proposed a
simplified permanent strain model, the effects of deviatoric
consolidation ratios (K0) and loading frequency f were not
considered. Consequently, the deformation features of an-
isotropic soft clay under cyclic loading have not been fully
understood. Another challenging problem is the remarkable
variance of the properties of soft soil with in situ geological
conditions. Hence, it is essential to research the soft soil in

different areas to avoid conclusions based on specific sites.
Due to the increasing establishment of Hangzhou’s infra-
structure transportation facilities, in order to ensure the
construction and operation of transportation projects, it is
necessary to systematically study the dynamic characteristics
of soft clay in Hangzhou.

In order to predict the accumulative plastic strain of
Hangzhou soft soil under the cyclic torsion shear (CTS) test,
18 tests with different cyclic stress ratios, deviatoric con-
solidation ratios (K0), and load frequencies were carried out.
-e variation of degradation index with cycle numbers was
discussed, and the development trend of degradation index
of soft clay under the cyclic triaxial test and the cyclic torsion
shear test was compared and analyzed. According to the test
results, a logarithmic relationship between degradation in-
dex and loading frequency was established. -e relationship
between the degradation index and the accumulative plastic
strain under various influencing factors was determined. A
new model for predicting the accumulative plastic strain
degradation of soft clay is established. -e proposed model
can provide a theoretical basis for the prediction and cal-
culation of long-term settlement and deformation of
foundation soil.

2. Test Procedure

2.1. Specimen Preparation. -e original soft clay used in the
experiment comes from Hangzhou, China. -rough the
improved special sample preparation equipment (Figure 2),
the soil sample was basically undisturbed during the col-
lection process [23]. -e quality of the sample in this study
was checked according to the study of Lune et al. [24], which
verified a good sampling result. Table 1 shows the basic
physical properties of Hangzhou clay.

2.2. Test Apparatus. In this research, a dynamic hollow
cylindrical torsion shear instrument (GCTS HCA-100) was
used to perform the cyclic torsional shear test. -e
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Figure 1: Schematic diagram of stress paths.
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instrument can independently apply the axial load, torque,
internal cell pressure, and external cell pressure to soil
samples to simulate different principal stress axis rotation
modes (Figure 3(a)). As shown in Figure 3(b), the thin-
walled unit body on the sample is subjected to the stress
component (the vertical stress (σz), radial stress (σr), cir-
cumferential stress (σθ), and torsional shear stress (τzθ)). -e
specific definition can be seen in Hight et al. [25]. -e major
principal stress (σ1), intermediate principal stress (σ2),
minor principal stress (σ3), and the angle between the
principal stress direction and the vertical direction (α) can be
subsequently determined and controlled. -e relationships
between all stresses and strains under different conditions
are provided in Table 2.

2.3. Test Program. -is paper mainly studies the softening
characteristics of intact soft clay under cyclic loading. -e test
plan is shown in Table 3. During the test, the sample cutter is
used to cut the soil sample into the size used for the test, the
sample height is 200mm, the outer diameter is 100mm, and
the inner diameter is 60mm.-en, the sample is installed into
the pressure chamber of the test instrument (HCA). After the
installation is completed, in order to obtain a higher degree of
saturation, the sample is followed by back-pressure saturation
at a back-pressure (the pore water pressure applied by the
upper end of the specimen) of 100 kPa with an effective
confining pressure of 20 kPa for 48 hours. As the B-value (pore
pressure coefficient) is better than 0.97, the sample is con-
sidered to be saturated [26]. After the sample is saturated, the
sample is consolidated under a confining pressure of 50 kPa.
-e consolidation is divided into two steps. First, the isotropic
consolidation is performed, and then the deviator stress (q) is
applied to perform the deviator stress consolidation [27, 28].

After the specimen is consolidated, to simulate the actual
load conditions (traffic loading) more accurately, the same
internal pressures (pi) and external pressures (po) are applied
during the test. -e phase difference between the circulating
torque MT and the circulating axial force W is maintained,
and the waveforms of MT and W were imposed (shown in
Figure 4). In order to study the influence of load frequency
on cyclic behavior, the test loading frequency is set at 0.1Hz,
0.5Hz, and 1Hz.

To facilitate the comparison of test plans, the cyclic stress
ratio (CSR) and torsional dynamic stress ratio (η) values are
defined as follows [29]:

CSR �
σampl

z

2p0′
,

η �
τampl

zθ

σampl
z

,

(1)

where σampl
z is the vertical dynamic stress amplitude; p0′ is the

initial average principal stress (p0′ � (σz0′ + σr0′ + σθ0′)/3; τ
ampl
zθ

is the dynamic torsion stress amplitude.

3. Results and Discussion

3.1.Degradation Index. Figure 5 describes the development of
shear stiffnessGwith cycling numberN. -e figure shows that
as the number of cycles increases, the overall shear stiffness
gradually decreases. In the first 1000 cycles, the rate of decrease
in shear stiffness is faster. At this time, the shear stiffness is
approximately linearly related to the number of cycles. With
the increasing number of cycles, the attenuation of shear
stiffness gradually slows down. It is easy to see that, with the
increase in cycle numbers, the sample experienced obvious
stiffness degradation. To quantify this degradation, the concept
of degradation index δ was first proposed by Idriss et al. [30].
-e degradation index is expressed with the ratio of shear
modulus after N loading cycles to the initial value:

Table 1: Physical properties of undisturbed soft clay.

Property Variable Value
Natural water content w (%) 47.00
Dry density Ρ (g/cm3) 11.60
Specific gravity Gs (g/cm3) 2.74
Void ratio e 1.34
Saturation Sr (%) 96.50
Liquid limit WL(%) 37.60
Plasticity index IP (%) 17.56
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Figure 2: Sketch of the new sample preparation device. -e
numbers in the figure indicate: 1. Water drilling rig; 2. Adjusting
handle; 3. Lifting bracket; 4. Adapter; 5. Straight rod rotary cutter
head; 6. Screw rod cutter head; 7. Sample barrel; 8. Sample barrel
support; 9. Bottom turntable; 10. Turntable motor; 11. Waste soil
bucket; 12. Lateral single-opening ring knife; 13. Lateral double-
opening ring knife.
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δ �
Ed,N

Ed,1
. (2)

According to the experimental observation, it can be
concluded that the relationship between δd and N can be
logarithmic [30].

δd � N
− p

, (3)

where p is the degradation parameter.
Considering the degradation including the first cycle on

the basis of predecessors, the degradation index can be
redefined as

δ �
σd,max − σd,min/εN,max − εN,min 

σd,max − σd,min/ε1,max − ε1,min 
�

ε1,max − ε1,min

εN,max − εN,min
,

(4)

where σd,max is the maximum axial stress and σd,min is the
minimum axial stress; ε1,max is the maximum axial strain and
ε1,min is the minimum axial strain in the first cycle; εN,max is
the maximum axial strain and εN,min is the minimum axial
strain in the N cycle.

3.2. Influence of Cyclic Stress Ratio. Figure 6 shows the re-
lationships in both the degradation index δ and the dynamic
stress amplitude σampl

z under various numbers of cycles. It
can be seen that when the dynamic stress amplitude in-
creases, the degradation index tends to decrease, while as the
dynamic stress amplitude increases, the difference is more
obvious. -e result is similar to that obtained by Cai et al.
[20]. Taking the loading frequency of 0.1Hz as an example,
when the dynamic stress amplitude increases from 0.143 to
0.357, the degradation index decreases by about 7%. When
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Figure 3: -in-walled unit stress state diagram.

Table 2: Stress component interpretation equation.

Stress Strain
Circumferential σθ � (poro − piri/ro − ri) εθ � − (uo + ui/ro + ri)

Radial σr � (poro + piri/ro + ri) εr � − (uo − ui/ro − ri)

Vertical σz � w/π(r2o − r2i ) + por2o − pir
2
i /(r2o − r2i ) εz � z/H

Shear τzθ � T/2[3/2π(r3o − r3i ) + 4(r3o − r3i )/3π(r2o − r2i )(r4o − r4i )] czθ � θ(r3o − r3i )/3H(r2o − r2i )

Major principal σ1 � (σz + σθ/2) +

���������������

(σz − σθ/2)2 + τ2
zθ



ε1 � (εz + εθ/2) +

��������������

(εz − εθ/2)2 + c2
zθ



Intermediate principal σ2 � σr ε2 � εr
Minor principal σ3 � (σz + σθ/2) +

���������������

(σz − σθ/2)2 + τ2
zθ



ε3 � (εz + εθ/2) +

��������������

(εz − εθ/2)2 + c2
zθ



Mean principal stress p � 1/3(σz + σθ + σr) —

Deviatoric stress q �

���������������

(σz − σθ)
2 + 4τzθ

2


cq � ε1 − ε3
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the dynamic stress amplitude increases from 0.357 to 0.538,
the degradation index decreases by about 33%. As the dy-
namic stress amplitude continues to increase, the sample
degradation index reaches a minimum value of 0.57 at 750
cycles, and the soil sample has been destroyed at this time.
Consequently, the amplitude of dynamic stress amplitude
σampl

z has a significant effect on the degradation index under
cyclic loading.

3.3. Influence ofDeviatoric ConsolidationRatio (K0). -e soft
soil is characterized by its strong thixotropy, which is a
typical reflection of the soil structure. Once disturbed, the
flocculent structure would be destroyed, which causes the
soil strength to collapse. Consequently, studying the effect of
the deviatoric consolidation ratio K0 on the degradation
index has a certain practical value. Figure 7 shows the

relationships in both the degradation index δ and the
deviatoric consolidation ratio (K0) value under various
numbers of cycles. With the increase in the deviatoric
consolidation ratio (K0) value and the number of cycles, the
degradation degree of the soil increases as the degradation
index gradually decreases. When the deviatoric consolida-
tion ratio is close to 0.410, the soil body is destroyed under
fewer cycles, and the degradation index presents a

Table 3: Test plan.

Series Test Confining pressure (kPa) K0 σampl
z (kPa) τampl

zθ (kPa) η CSR f(Hz)

I

A101 50 0.410 15 6 0.4 0.15 0.1
A102 50 0.410 30 12 0.4 0.30
A103 50 0.453 30 12 0.4 0.30
A104 50 0.505 30 12 0.4 0.30
A105 50 0.410 45 18 0.4 0.50
A106 50 0.410 45 18 0.4 0.50

II

A201 50 0.410 15 6 0.4 0.15 0.5
A202 50 0.410 15 6 0.4 0.15
A203 50 0.410 30 12 0.4 0.30
A204 50 0.410 30 12 0.4 0.30
A205 50 0.410 45 18 0.4 0.50
A206 50 0.410 45 18 0.4 0.50

III

A301 50 0.410 15 6 0.4 0.15 1
A302 50 0.410 15 6 0.4 0.15
A303 50 0.410 30 12 0.4 0.30
A304 50 0.410 30 12 0.4 0.30
A305 50 0.410 45 18 0.4 0.50
A306 50 0.410 45 18 0.4 0.50

Note. K0, deviatoric consolidation ratio; σampl
z , vertical dynamic stress amplitude; τampl

zθ , dynamic torsion stress amplitude; η, torsional dynamic stress ratio;
CSR, cyclic stress ratio; f, loading frequency.
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meaningful downward tendency. -is is because when the
deviatoric consolidation ratio is small, the dispersion be-
tween the soil elements is significant, and a large initial
accumulative plastic strain will be generated, which accel-
erates the destruction of the soil. It can also be seen that
when the deviatoric consolidation ratio is reduced from
0.505 to 0.453, the degradation index is only reduced by less
than 3%, and when the deviatoric consolidation ratio
K0 � 0.505 and K0 � 0.453, the developing relationship of the
degradation index approaches. It is believed that the

influence of the deviatoric consolidation ratio on the deg-
radation index is limited, especially when the deviatoric
consolidation ratio K0 ≥ 0.453.

3.4. Influence of Loading Frequency (f). Figure 8 shows the
development of the degradation index under the influence of
various loading frequencies as the cyclic stress ratio (CSR) is
0.15, 0.3, and 0.5. With the increase in the number of cycles,
the degradation index of the sample shows a decreasing
trend. As the cyclic stress ratio is relatively small (around
0.15), the samples at different frequencies will not be
destroyed, and the attenuation rate of the degradation index
gradually decreases as the frequency increases. At this time,
the variation of the axial strain is the smallest at a loading
frequency of 1Hz. As the cyclic stress ratio is relatively large
(0.3, 0.5), with the increasing loading frequency, the de-
clining speed of the degradation index shows an increasing
trend; that is, the increase in the loading frequency will
accelerate the axial deformation of the sample. In addition,
by comparing with the results of Zhou Jian and Gong
Xiaonan [31] (the higher the frequency, the lower the degree
of soil degradation), when the cyclic stress ratio (CSR) is 0.5,
the degradation index attenuation trend is almost the same,
which shows that the loading frequency has little effect on
soil degradation characteristics.

3.5. Results of Different Test Methods. Figure 9 presents the
development of the degradation index under cyclic triaxial
(CT) and cyclic torsion shear (CTS) tests. It is easy to see that
the degradation index of the soil under the cyclic torsion
shear test is always higher than that under the cyclic triaxial
test. -is may indicate that the deflection of the principal
stress axis will increase the degradation degree of the soil.
When the loading frequency (f) is large, the degradation
index of the sample under the cyclic triaxial test is greatly
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Figure 6: Influence of cyclic stress ratio on the development law of
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affected by the loading frequency. -e specific performance
is as follows: when the loading frequency is increased from
0.5Hz to 1Hz, the degradation index is reduced by about
14.4%, and the development trend of the degradation index
under the cyclic torsion shear test almost overlaps, and the
effect of frequency can be ignored. Moreover, the minimum
degradation index of the specimen is different under the two
test methods.-e cyclic triaxial test is conducted at a loading
frequency of 1Hz, and the hollow torsional shear occurs at a
frequency of 0.1Hz. -erefore, according to the test results,
it can be found that, under the same conditions, there is a
significant difference in the development law of the deg-
radation index of the soil under the cyclic triaxial and cyclic
torsion shear tests. Considering the occurrence of principal
stress axis deflection, the hollow torsion shear test is better to
describe the degradation characteristics of the soil under
actual conditions.

To further study the development law of the degradation
index under cyclic triaxial and cyclic torsion shear tests, the
following formula is used to fit the relationship in both the
degradation index and the number of cycles. -e fitting
results are shown in Table 4.

σ � a ln N + b, (5)

whereσ � degradation index; a, b� test parameters.
As shown in Table 4, the ratios of test parameters a and b

under the different loading frequencies are almost the same,
which are 1.4 and 0.994, respectively. Considering that the
deviation between the fitted curve and the measured rela-
tionship is minimal, the ratio of the test parameters obtained
by the fitted curve can be approximated as the ratio between
the measured relationship function parameters. Hence,
when the other conditions are constant, the degradation
index under the hollow torsion shear test can be obtained by
multiplying the degradation index obtained under the cyclic
triaxial test by the corresponding test parameter ratio:

σHCA � 1.4a ln N + 0.994b, (6)

where σHCAis the degradation index under the hollow tor-
sion shear test; a, b are the test parameters under the cyclic
triaxial test.

3.6. Degradation Index Formulation. Considering that the
relationship between the degradation index obtained above
and the number of cycles N is approximately linear, a semi-
logarithmic formula reflecting soil degradation was pro-
posed [32].

δd � 1 − B ln(N), (7)

where B is the experimental degradation parameter of the
soil, which is related to cyclic stress ratio, loading frequency,
deviatoric consolidation ratios (K0), and soil performance;N
is the number of cycles. -e test parameters of equation (7)
are shown in Table 5.

To ensure the accuracy of this equation, considering the
impact of the deviatoric consolidation ratios (K0), the cal-
culated δ values at loading frequency f � 0.1 under different
K0 are compared with the experimental values in Figure 10,
where a right prediction is provided.

4. Relationship between Permanent Strain and
Degradation Index

-e relationships between cyclic stress ratio (CSR) and
degradation index δ versus accumulative plastic strain εp are
plotted in Figure 11. As shown in Figure 12, the degradation
index δ gradually decreases as the accumulative plastic strain
increases. -e law of degradation index with accumulated
strain can be roughly divided into the following stages: when
the accumulative plastic strain εp is less than 0.01%, the
decay rate of the degradation index is relatively slow, es-
pecially when the dynamic stress amplitude σampl

z is small;
this is because the soil sample is in the stage of elastic de-
formation during the initial loading. -e accumulated
plastic strain generated is not large, and no significant strain
accumulation phenomenon occurs. -ese similar trends
were also observed by Sun et al. [22]. When εp is between
0.01% and 0.8%, the decay rate of the degradation index of
the sample increases sharply, and the relationship between
the degradation index and the accumulative plastic strain
(lgεp) is approximately linear [33, 34]; this is more obvious
when the dynamic stress amplitude σampl

z exceeds 0.319;
when the accumulated plastic strain εp exceeds 0.8%, the
attenuation of the degradation index gradually slows down
with the increase in the accumulative plastic strain. When
the accumulated plastic strain reaches around 0.8%, the
degradation index changes abruptly, which is represented by
the degradation index and the accumulative plasticity. -ere
is a clear inflection point in the strained relationship, which
indicates that the soil sample begins to fail at this time. It can
also be seen that increasing the dynamic stress amplitude
increases the initial accumulative plastic strain of the soil
sample, and the accumulative plastic strain generated by the
soil body develops rapidly and accelerates the destruction of
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the soil sample. As the accumulative plastic strain continues
to increase, the soil is significantly destroyed. At this time,
the relationship between δ and the accumulative plastic
strain (lgεp) no longer changes with the vertical dynamic
stress amplitude.

Figure 12 presents the development rule of the rela-
tionship in both the degradation index and accumulative
plastic strain under different deviatoric consolidation ratios
(K0) values. It can be shown that as the deviatoric

Table 4: Test parameters.

Series f (Hz) a -e ratio of
parameter a (CT/CTS) b -e ratio of

parameter b (CT/CTS)
Correlation
coefficient R2

Cyclic triaxial (CT) 0.1 − 0.038 1.407 0.9938 0.995 0.992
Cyclic torsion shear (CTS) 0.1 − 0.027 0.9983 0.993
Cyclic triaxial (CT) 0.5 − 0.021 1.4 1.0073 0.994 0.994
Cyclic torsion shear (CTS) 0.5 − 0.015 1.0132 0.992
Cyclic triaxial (CT) 0.5 − 0.0236 1.388 1.0006 0.994 0.994
Cyclic torsion shear (CTS) 1 − 0.017 1.0062 0.994

Table 5: Test parameters.

Series f (Hz) CSR B Correlation coefficient R2

A101 0.1 0.15 0.0404 0.999
A201 0.5 0.15 0.0843 0.997
A301 1 0.15 0.0484 0.993
A102 0.1 0.3 0.0877 0.993
A103 0.1 0.3 0.1221 0.994
A104 0.1 0.3 0.1279 0.994
A203 0.5 0.3 0.0698 0.998
A303 1 0.3 0.0643 0.999
tA105 0.1 0.5 0.0893 0.997
A205 0.5 0.5 0.0859 0.994
A305 1 0.5 0.1477 0.991
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Figure 10: Comparison of the measured value and predicted value.
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Figure 13: Continued.
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consolidation ratio increases, the initial accumulative strain
of the soil gradually decreases (see the double arrow on the
picture), and the development rate of the accumulative
plastic strain decreases significantly. In addition, the increase
in the deviatoric consolidation ratios speeds up the de-
creasing trend of the soil degradation index; as the deviatoric
consolidation ratio increases, the destruction rate of the soil
sample slows down, and the strength degradation of the soil
is not apparent at this time.

So far, there is no unified conclusion about the influence
of loading frequency on the mechanical properties of soft
clay in the geotechnical field [35]. Some scholars think that
the development rate of axial strain is influenced by loading
frequency [31], and other scholars hold that loading fre-
quency f has little effect on the dynamic characteristics of

soft clay [36]. Figure 13 shows the development of degra-
dation index δ versus accumulative plastic strain εp under
different loading frequencies f. As shown in Figure 14, as
the loading frequency decreases, the accumulative plastic
strain growth rate of the soil increases, which is also obtained
by Matsui [37]; especially when the loading frequency is
0.1Hz, the initial accumulative plastic strain is the largest,
and the corresponding soil failure rate is faster. When the
loading frequency is large (f � 0.5Hz, 1Hz), it can be found
from Figures 8(a)–8(c) that as the loading frequency in-
creases, the relationship between f and εp gradually ap-
proaches. -is shows that when the frequency is small
(f � 0.1Hz), the frequency has a significant influence on the
relationship between f and εp. When the frequency is high
(f � 0.5Hz, 0.1Hz), it is limited.
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Figure 13: Relationship of f and δ versus εp under different cyclic stress ratios (CSR): (a) CSR� 0.15, (b) CSR� 0.3, and (c) CSR� 0.5.
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According to the foregoing analysis, with the increase in
the cyclic stress ratio (CSR) and the decrease in the
deviatoric consolidation ratios, the initial accumulative
strain of the soil gradually increases, and the relationship
between the degradation index and the accumulative plastic
strain shows a gradual shift to the right. -erefore, the
accumulative plastic strain influencing factor ζ is introduced
to comprehensively consider the impact of the cyclic stress
ratio (CSR) and deviatoric consolidation ratios (K0) on the
accumulative plastic strain. -e analysis of the test results
defines the accumulative plastic strain influence factor ζ as

ζ �
(1 − mlgf)K

n
0εp

CSR
, (8)

where m� 1.156, n� 2.996.
Figures 14 and 15 show the relationship of the degra-

dation indexδ − ζfor different cyclic stress ratios (CSR) and
different deviatoric consolidation ratios. As shown, most
points are concentrated around one set.

To directly reflect the effect of frequency on the deg-
radation characteristics of clay, equation (10) (Parr, 1972) is
used to perform regression analysis on the δ − ζ rela-
tionship in Figure 16, and the expression could be written
as

lg
εN

·

ε1
·  � lgC + ςlgN, (9)
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Figure 15: Relationship of the degradation index δ − ζ for different K0 values.
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Figure 16: Relationship of the degradation index δ − ζ for different loading frequenciesf.
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where εN

·
and ε1

·
are the plastic strains loaded at the Nth and

1st cycles, respectively, and C and ς are the test constants.

δ �
1

1 + pζ
, (10)

where p is the test parameter, and it is related to the
frequency.

Figure 17 shows the relationship between the parameter
p and the loading frequency f. -e following expression
could be used to relate the above parameters as

p �
f + 0.152
0.586

. (11)

Combining equations (8) and (11) into (10), the ex-
pression would be

δ �
1

1 +(f + 0.152/0.586)

�
0.586

0.586 +(f + 0.152)(1 − 1.156lgf)K0
2.996εp/CSR

.

(12)

-en, the relationship between the accumulative plastic
strain and degradation index can be obtained as

εp �
0.586(1/δ − 1)CSR

(f + 0.152)(1 − 1.156lgf)K
2.996
0

. (13)

Equation (7) is brought into equation (13) to obtain the
accumulative plastic strain degradation model of soft clay.

In addition, there is a normalized characteristic between
εp and δ, which is determined by the nature of the soil and
has a certain universality. In particular, for different soils, the

selection of parameters needs to be determined according to
specific tests.

5. Validation

At present, there are many constitutive models to describe
the accumulative deformation of soil, among which the Iwan
model is the most widely used, but this model cannot ac-
curately reflect the cyclic degradation characteristics of soil
and the increase in the accumulative strain [38]. As the
number of cycles is small, the test value is in agreement with
the measured value, but there is a large difference when the
number of cycles increases. Hence, considering the effect of
the accumulative plastic strain, an ideal rigid-plastic element
is connected in series to reflect the accumulative strain
during the cycle:

ε � εp + 
m

i�0

σ − σ∗i
δHi

, (14)

where σ is the stress on each element; σ∗i is the yield stress of
the unit; Hi is the plastic modulus of the i-th element spring.

Combining equations (7) and (11) into (12), the rela-
tionship between stress and strain of soft clay under cyclic
load can be obtained. Figure 18 shows the described dynamic
stress-strain relationship curve. It can be concluded that the
calculated value is more consistent with the measured value,
which proves the rationality of the cumulative plastic strain
model in this paper.

6. Conclusions

According to the user-defined waveform, cyclic torsion
shear (CTS) tests were carried out on undisturbed Hangzhou
soft clay, and the influences of degradation index and
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Figure 18: Application of accumulative plastic strain model on different soil samples: (a) A105, (b) A202, and (c) A301.
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accumulative plastic strain on the cyclic degradation char-
acteristics of undisturbed soft clay under different cyclic
stress ratios (CSR), deviatoric consolidation ratios (K0), and
loading frequencies f have been analyzed. -e following
conclusions are obtained:

Vertical dynamic stress amplitude σampl
z , deviatoric

consolidation ratios K0, and loading frequency f have
significant impacts on the degradation degree of the
tested soil. As the vertical dynamic stress amplitude,
deviatoric consolidation ratios K0, and loading fre-
quency f increase, the degradation index δ gradually
decreases, and the degradation degree of the soil in-
creases. Furthermore, when the vertical dynamic stress
amplitude is large, the loading frequency has little effect
on the degradation index.

-e degradation index of the soil under the cyclic
torsion shear (CTS) test is always higher than that
under the cyclic triaxial (CT) test, which shows that the
deflection of the principal stress axis will increase the
degradation degree of the soil. By comparing the de-
velopment law of degradation index under cyclic tri-
axial (CT) and cyclic torsion shear (CTS) test, the
relationship between the degradation index under the
cyclic torsion shear (CTS) test and the cyclic triaxial
(CT) test is established: σHCA � 1.4a ln N + 0.994b.

-e influence of the cyclic stress ratio (CSR), deviatoric
consolidation ratios K0, and loading frequency f on the
cumulative plastic deformation of soil cannot be ig-
nored. -e increase in the cyclic stress ratio (CSR), K0
value, and the decrease in the loading frequency pro-
mote the initial accumulative plastic strain of the soil
sample and accelerate the failure rate of the soil sample.

In the low-frequency range (f � 0.15), the decrease in
the loading frequency significantly increases the strain
growth rate and accelerates the failure rate of the soil
sample. However, in the high-frequency range
(f≥ 0.5), the relationship between the degradation
index and the accumulative plastic strain at different
frequencies gradually becomes similar.

An accumulative plastic strain-degradation model for
describing the undisturbed soft clay is established. It
comprehensively considers the effects of cyclic stress
ratio (CSR), deviatoric consolidation ratios K0, and
loading frequency f on the accumulative deformation
of the soil and could reflect the cyclic softening
characteristics of the soil and the increase in the ac-
cumulative plastic strain. -e revised Iwan model is
used to verify the rationality of the proposed model. It
is believed that the model can provide a theoretical
basis for predicting and calculating the long-term
settlement and deformation of the foundation soil.
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