
TYPE Original Research
PUBLISHED 24 October 2024
DOI 10.3389/fbuil.2024.1487764

OPEN ACCESS

EDITED BY

(Retired) Sudhakar Rao,
Indian Institute of Science (IISc), India

REVIEWED BY

K. Ravi,
Indian Institute of Technology Guwahati, India
Paramita Bhattacharya,
Indian Institute of Technology
Kharagpur, India

*CORRESPONDENCE

Tingyu Wu,
wutingyu@zjut.edu.cn

RECEIVED 28 August 2024
ACCEPTED 04 October 2024
PUBLISHED 24 October 2024

CITATION

Jiang Y, Li R, Su F, Chen G, Xia C, Tong J and
Wu T (2024) Cyclic behaviours of soft silty
clay with long-term traffic loading
considering drainage conditions.
Front. Built Environ. 10:1487764.
doi: 10.3389/fbuil.2024.1487764

COPYRIGHT

© 2024 Jiang, Li, Su, Chen, Xia, Tong and Wu.
This is an open-access article distributed
under the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other forums is
permitted, provided the original author(s) and
the copyright owner(s) are credited and that
the original publication in this journal is cited,
in accordance with accepted academic
practice. No use, distribution or reproduction
is permitted which does not comply with
these terms.

Cyclic behaviours of soft silty
clay with long-term traffic
loading considering drainage
conditions

Yexiang Jiang1, Ruofei Li1, Fengyang Su1, Guanyu Chen1,
Chaobo Xia2, Junhao Tong3 and Tingyu Wu2,4*
1Hangzhou Metro Group Co., Ltd of Zhejiang Province, Hangzhou, China, 2College of Civil
Engineering, Zhejiang University of Technology, Hangzhou, China, 3Zhejiang Scientific Research
Institute of Transport, Key Laboratory of Road and Bridge Inspection and Maintenance Technology of
Zhejiang Province, Hangzhou, China, 4Zhejiang Key Laboratory of Civil Engineering Structures and
Disaster Prevention and Mitigation Technology, Hangzhou, China

The traffic loading is a typical cyclic loading with variable confining pressure and
always lasts long, and is believed to have a significant effect on the subgrade
soil, especially for the subgrade filled with soft clay. However, the mechanics
have yet to be fully understood. Given that the duration of traffic loading lasts
long enough, the partially drained conditions should be considered for the soft
clay under the long-term cyclic loading, rather than the undrained conditions
adopted commonly by most previous researches. In this study, 28 cyclic tests
were conducted on the remolded saturated soft clay, utilizing both constant
confining pressure and variable confining pressure under partially drained and
undrained conditions. The effect of cyclic confining pressure and different
drainage conditions is analyzed in relation to the evolution of pore pressure
and deformation behaviors. Incorporating both the cyclic confining pressure and
cyclic stress ratio, a concise pre-diction model of permanent strain is proposed
and validated by the experimental results.

KEYWORDS

soft clay, cyclic deformation, traffic loading, variable confining pressure, partially
drained, cyclic stress ratio

1 Introduction

The cyclic behaviors of soils have garnered increasing interest among the researchers
in recent times. Owing to advancements in laboratory testing technology, tests involving
complex stress paths or prolonged cyclic loading periods can now be precisely controlled
and measured. Traffic loading represents a typical cyclic loading, featuring complex stress
path and long duration of loading., e.g., an ordinary municipal road may experience at least
one million loading cycles within its operational lifetime. And it has been reported that
the transportation infrastructures are prone to unexpected settlement or even catastrophic
failure after undergoing long-term traffic loading, particularly in cases where the subgrade is
composed of clayey soils or soft clays (Chai andMiura, 2002;Wei et al., 2016; Xu et al., 2018;
Wu et al., 2022a). The traffic loading exerts a significant impact on subgrade soil, yet the
underlying mechanics remain incompletely understood (Sharp and Booker, 1984; Collins
andBoulbibane, 2000; Cai et al., 2017;Wu et al., 2022b). Consequently, further investigation
into the cyclic behaviors of soils subjected to long-term traffic loading is warranted.
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The soft clay, a typical weak soil, is widely distributes in
coastal regions, near lakes and along middle and lower rivers
courses. These regions are often more developed within a country
(Kulkarni et al., 2010; Guo et al., 2017). And often contain a higher
density of transportation infrastructures, necessitating increased
attention to the settlement of soft subgrades induced by traffic
loading.Therefore, investigating the cyclic behavior of saturated soft
clay is crucial for understand and predicting the development of
subgrade settlement in practical applications.Most researchers posit
that during the cyclic loading, pore pressure cannot be effectively
discharged from soft clay due to its low permeability in time. As
a result, investigations into the cyclic behaviors of soft clays often
involve testing under undrained conditions (Diaz-Rodriguez, 1989;
Zhou and Gong, 2001; Moses and Rao, 2003; Wang et al., 2019;
Khan et al., 2020). However, during prolonged cyclic loading, pore
water is eventually able to discharge due to the extended duration
of the loading (Hyodo et al., 1992; Guo et al., 2020; Miao et al.,
2020; Zhang et al., 2020). Hyodo et al. (1992) and Sakai et al. (2003)
were among the first characterize the drainage behavior of low-
permeability clay as “partially drained”, and noting that pore water
in saturated clay is generated and discharged simultaneously. In
light of these previous studies, additional tests on clay subjected to
cyclic loading were conducted under partially drained conditions,
yielding a number ofmeaningful results that have been reported and
analyzed (Sun et al., 2015a; Chen et al., 2018; Huang et al., 2020).
Despite the preponderance of research on the cyclic behaviors of
clay under partially drained conditions, there has been a paucity
of comparative studies examining the differential behaviors of
clay under varying drainage conditions, especially with respect to
deformation behaviors.

The variable confining pressure (VCP) has been observed in the
stress path of the traffic loading, i.e., the confining pressure of soil
elements in the subgrade fluctuates concurrently with variations in
axial stress induced by the wheels of vehicle moving (Cai et al., 2012;
Gu et al., 2016). Cai et al. (2012) and Sun et al. (2015a), Sun et al.
(2015b) have demonstrated that cyclic confining pressure exerts a
significant effect on the cyclic behaviors of soft clay under undrained
conditions. Gu et al. (2016) and Huang et al. (2020) have conducted
stress path analyses that account for the effect of VCP on the
saturated soft clay under drained and partially drained conditions.
However, their investigations mainly centered on the effect of VCP,
with limited comparative analysis of the deformation behaviors
between tests under different drainage conditions.

In this study, a total of 28 cyclic experiments were performed on
remolded saturated soft clay under partially drained and undrained
conditions with both constant and variable confining pressures.
The effect of cyclic confining pressure and different drainage
conditions is examinedwith respect to the evolution of pore pressure
and deformation behaviors. And considering the cyclic confining
pressure and cyclic stress ratio, a concise prediction model of
permanent strain is proposed and validated by the test results under
both partially drained and undrained conditions.

2 Test materials and preparation

The experimental materials employed in this investigation
were originally extracted from Wenzhou, a coastal metropolis in

southeast China. Wenzhou clays are a quintessential soft silty
clay characterized by elevated water content and diminished
permeability. The fundamental physical indices of Wenzhou clays
are delineated in Table 1.

To guarantee the homogeneity of specimens, we implemented
a standardized preparing process to obtained the remolded
specimens. First, the clay blocks were dried out in the oven and then
ground to powder with grinder. Second, the desiccated clay powder
was meticulously amalgamated with a predetermined quantity of
water (calculated with 1.5 times the liquid limit ωL). The slurry was
subsequently pre-consolidated in a large cylindroid consolidation
vessel with several loading stages from 12.5 kPa to 50 kPa and
lasted for 1 month. The vertical pressure was applied step by step
in the following order: gravity pressure (0 kPa), 12.5, 25, 50 kPa.The
duration of each step was 24 h. At final, when the vertical strain of
clay mud (or specimen) reached a steady value (less than 0.05%/h),
the sample was thought to be K0 consolidated completely. After
that, the primarily consolidated sample blockwas partitioned into 24
segments and each part wasmolded into a cylindrical specimenwith
a diameter of 50 mm and a height of 100 mm. Sample segmentation
as shown in the Figure 1. Ultimately, the specimen was consolidated
isotropic in the cyclic triaxial apparatus.

3 Test apparatus and procedures

3.1 Test apparatus

Figure 2 shows apparatus used in this study, it is a two-
way dynamic triaxial testing system (DYNTTS) designed and

TABLE 1 Basic properties of the tested Wenzhou clay.

Basic properties value

Specific gravity, Gs (g/cm3) 2.75

Natural water content, wn (%) 43–45

Initial density, ρ0 (g/cm3) 1.72–1.79

Initial void ratio, e0 1.19–1.32

Liquid limit, wL (%) 64

Plasticity index, Ip 36

Silt fraction (%) 41

Clay fraction (%) 55

Vertical permeability coefficient Kv(cm/s) (at 100 kPa) 1.67∗ 10–7

TABLE 2 The statics triaxial tests schemes.

Test ID Drainage conditions p'(kPa) qf(kPa)

U01 Undrained 50 Failure

U02 Undrained 100 Failure

U03 Undrained 200 Failure
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FIGURE 1
Schematic diagram of soil sample segmentation.

FIGURE 2
Schematic diagram of the dynamic triaxial testing system.

manufactured by GDS Instruments Ltd., United Kingdom. It
contents axial vibration exciter, confining pressure and back pressure
controller and transducer, an axial displacement transducer,
a signal acquisition system and a dynamic control system.
This apparatus applies the cyclic deviatoric stress through
the servo loading system and the cyclic confining pressure is
exerted by means of an oil pressure piston. The term ‘two-way’
signifies that both cyclic deviatoric stress and cyclic confining
pressure can be controlled independently, even with user-defined
waveforms.

3.2 Test procedures

All the remolded specimenswerepositionedon theapparatusbase
and saturated at a back pressure of 300 kPa with an effective confining
pressure of 20 kPa for a minimum of 24 h to ensure B exceeded 0.97.
After that, the test specimens were consolidated isotropic under an
effectiveconfiningpressureof100 kPaforapproximately36 htoensure

the total volumechangeof the specimenwas less than60 mm3/h.After
consolidation, 28 cyclic tests were conducted with varying confining
pressure and drainage conditions.

The test schemes are summarized in Tables 2, 3, the dynamic test
were divided into two series, i.e., CCP tests and VCP tests. Different
cyclic deviator stress qampl or cyclic confining pressure σampl

3 were
applied to the specimens. The loading waveform was compressive
and sinusoidal, as shown in Figure 3A, and the frequency for all
tests was established at 1 Hz. The stress state of CCP and VCP
tests are illustrated in Figures 3B, C, respectively. Each specimenwas
designed to be loaded up to 50,000 cycles unless it failed prematurely
(the failure criteria of axial strain is 10%). Fifty data points (one per
0.02 s) were recorded per cycle.

3.3 Drainage conditions

Figure 4 shows, there are three drainage conditions under
cyclic loading: undrained, drained, and partially drained. (1)
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TABLE 3 The cyclic triaxial tests schemes.

Test ID Drainage conditions qampl (kPa) σampl
3 (kPa) pampl (kPa) CSR η Loading cycles

CCP hdd

D01a Drained 10 0 3.33 0.05 1/3 50,000

U01a Undrained 10 0 3.33 0.05 1/3 50,000

D02a Drained 30 0 10 0.15 1/3 50,000

U02a Undrained 30 0 10 0.15 1/3 50,000

D03a Drained 40 0 13.33 0.2 1/3 50,000

U03a Undrained 40 0 13.33 0.2 1/3 50,000

D04a Drained 50 0 16.67 0.25 1/3 50,000

U04a Undrained 50 0 16.67 0.25 1/3 50,000

D05a Drained 60 0 20 0.30 1/3 50,000

U05a Undrained 60 0 20 0.30 1/3 50,000

D06a Drained 70 0 23.33 0.35 1/3 50,000

U06a Undrained 70 0 23.33 0.35 1/3 50,000

VCP

D01b Drained 10 3.33 6.67 0.05 2/3 50,000

U01b Undrained 10 3.33 6.67 0.05 2/3 50,000

D02b Drained 10 5 8.33 0.05 5/6 50,000

U02b Undrained 10 5 8.33 0.05 5/6 50,000

D03b Drained 30 10 20 0.15 2/3 50,000

U03b Undrained 30 10 20 0.15 2/3 50,000

D04b Drained 30 15 25 0.15 5/6 50,000

U04b Undrained 30 15 25 0.15 5/6 50,000

D05b Drained 50 16.67 33.33 0.25 2/3 50,000

U05b Undrained 50 16.67 33.33 0.25 2/3 50,000

D06b Drained 50 25 41.67 0.25 5/6 50,000

U06b Undrained 50 25 41.67 0.25 5/6 50,000

D07b Drained 70 23.33 46.67 0.35 2/3 50,000

U07b Undrained 70 23.33 46.67 0.35 2/3 50,000

D08b Drained 70 35 58.33 0.35 5/6 50,000

U08b Undrained 70 35 58.33 0.35 5/6 41,380

Undrained: The pore water cannot discharge under cyclic loading,
resulting in the continuous accumulation of pore water pressure.
(2) Drained: It usually exists in the sands and coarse soils.

Since the high permeability, the pore water of these soils can
discharge quickly during the cyclic loading, and the pore water
pressure cannot accumulate. (3) Partially drained: Due to the
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FIGURE 3
Cyclic triaxial tests: (A) loading waveform of cyclic deviatoric stress or cyclic confining pressure; (B) stress state of the specimen in CCP tests; (C) stress
state of the specimen in VCP tests.

FIGURE 4
Different drained conditions cyclic behavior of soils.

extremely low permeability of soils, such as the soft clay, the pore
water pressure accumulated in the early period of the cyclic test,
but it cannot exceed the corresponding value of undrained test

under the same loading condition. Hyodo et al. (1992), Sakai et al.
(2003), and Cai et al. (2012) verified this result. Yasuhara et al.
(1988), and Hyodo and Yasuhara (1988) explained that it is because
the pore water pressure generates and dissipates alternately during
each cycle, and considered the drainage condition of soils with
low permeability as the partially drained situation. Therefore, for
the soft silty clay used in this study, the loading condition is
partially drained.

To achieve the partially drained conditions in cyclic loading
test, the back pressure was set to be a constant as the same
as that during consolidation, and the channel connecting the
back pressure is at both the top and bottom of the specimen.
Therefore, the pore water pressure induced by the cyclic loading
at the boundary of specimen was reduced to zero, leading to
the discharge of pore water from the inside of the specimen
to the outside. It should be pointed out that, we created the
conditions of free drainage for the boundary of specimen, this
method of controlling is the same as that for sandy soils in other
researches (Cai et al., 2015; Guo et al., 2021). With this method,
we can hardly control the degree of partially drained, which
mainly depends on the soft clay itself since its low permeability.
Sakai et al. (2003), Cai et al. (2012), Sun et al. (2015a), Sun et al.
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FIGURE 5
Pore pressure versus number of cycles in cyclic triaxial tests: (A) η =
1/3; (B) η = 2/3; (C) η = 5/6.

(2015b), and Guo et al. (2020) also conducted partially drained tests
with this method.

3.4 Applied stress paths

In cyclic triaxial tests, the amplitudes of axial and the confining
pressure are σampl

1 and σampl
3 , respectively. The amplitudes of mean

principal stress and deviatoric stress are calculated as follow:

pampl = (σampl
1 + 2σ

ampl
3 )/3 (1)

qampl = σampl
1 − σ

ampl
3 (2)

The ratio of pampl to qampl is defined as η:

η = pampl/qampl (3)

In CCP tests, the confining pressure remains constant (σampl
3 =

0) qampl. Therefore:

η = pampl/qampl = (1/3σampl
1 )/σ

ampl
1 = 1/3 (4)

In VCP tests, the variable confining pressure and deviatoric
stress are applied to the specimens simultaneously at the same phase
difference. Therefore:

η = pampl/qampl = 1/3+ σampl
3 /q

ampl (5)

In VCP tests, η = 2/3 and 5/6 are adopted in this study. And the
cyclic stress ratio (CSR) is defined as the ratio between the cyclic
deviator stress qampl qcyc and the initial effectivemean principal stress

CSR =
qampl

2p′0
(6)

4 Test results

4.1 Pore pressure

The drainage condition is an important factor that directly
influences the development of pore pressure, and thereby
influences the cyclic behaviors of saturated clay during long-
term cyclic loading. Figure 5 shows the typical development of
pore pressure with the number of cycles for different tests. In
the undrained tests, the pore pressure increases sharply during
approximately the first 1,000 cycles, followed by a decreasing
growth rate. In the partially drained tests, the development of
pore pressure during approximately the first 1,000 cycles are
the same as that in the undrained tests, but it is followed by a
rapid decrease. At the end of loading period, the average pore
pressure even reaches zero. This means that, given enough time,
the pore water in the saturated soft silty clay with extremely
low permeability is able to discharge during cyclic loading.
With different η values, the pore pressure in the undrained tests
increases with increasing η, while in partially drained tests, the
variation of confining pressure affects the rate of dissipation of
pore pressure but has little effect on the final state, and all the
average pore pressure eventually become zero. Besides, under
undrained conditions, both the amplitudes of pore pressure and
the accumulated pore pressure are not linearly related to the level
of cyclic confining pressure. However, under partially drained
conditions, the amplitudes of pore pressure mainly depend on
the CSR and are less influenced by the cyclic confining pressure
compared to the undrained tests.
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FIGURE 6
Effective stress paths of monotonic triaxial tests in p'-qplane.

Figure 6 exhibits the typical effective stress path (ESP) for
the cyclic triaxial tests under undrained and partially drained
conditions. The typical tests with CSR = 0.15 and 0.25 are chosen
to be analyzed. The critical state line (CSL) obtained from standard

compressive undrained triaxial tests is also marked in Figure 6.
In the undrained tests, with the increasing number of cycles,
the ESP gradually moves to the left towards the CSL, and the
curves all look sparse in the beginning and get denser as the
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FIGURE 7
Effective stress path in cyclic triaxial tests: (A)CSR = 0.15, η= 1/3,
undrained; (B)CSR = 0.15, η= 1/3, drained; (C)CSR = 0.25, η= 1/3,
undrained; (D)CSR = 0.25, η= 1/3, drained; (E)CSR = 0.25, η= 2/3,
undrained; (F)CSR = 0.25, η= 2/3, drained; (G)CSR = 0.25, η= 5/6,
undrained; (H)CSR = 0.25, η= 5/6, drained.

loading goes on. With the same loading numbers, the ESP with
higher CSR approaches closer to the CSL, which is consistent
with the development of pore pressure mentioned above. For the
tests under partially drained condition, the ESP moves toward
the CSL in the beginning, but then moves towards the other
side, as marked in the figures, which can also be attributed to
the changes of pore pressure. Similar to the undrained tests, the
leftmost end of ESP for the partially drained test with higher
CSR is closer to the CSL. Figures 6C–H present the effects
of variable confining pressure on the ESP. For the undrained
tests, when η = 2/3, the distance between the stress path and
CSL is much greater than in the other two different η value
tests, but among the partially drained tests there is no such
phenomenon. Besides, the η value also has an effect on the
tilt of effective stress loops in undrained tests, as shown in
Figures 6C, E, G, but has little effect on the tilt of effective stress
loops in partially drained tests, as shown in Figures 6D, F, H.
It is consistent with the conclusions on pore pressure
mentioned above.

4.2 Axial strain

Before the cyclic test, undrained shear tests were carried
out under different confining pressures, and the test results
are shown in Figure 7.The critical state line (CSL line) for remolded
soft silty clay was obtained in undrained static shear tests, with a
slope M of approximately 1.3.

Axial strain is the most important and concerning cyclic
behavior for soils in cyclic triaxial tests. Figure 8 shows the definition
of peak strain εpeak, resilient strain εr and permanent strain εp
induced by cyclic loading. Figure 9 presents the development of
axial strain for tests under long-term cyclic loading with different
η values, CSR values and the different drainage conditions. The

axial strain of 5% was defined as a failure criterion in cyclic
triaxial tests since the clay specimen with higher axial strain will
no longer be uniform as a specimen in element tests. Figure 8
shows that the permanent strain increases with increasing number
of cycles while the growth rate slowly decreases. When the
CSR is low, the permanent strain remains at a low value. For
example, the axial strain of specimen U03b (CSR = 0.15, η = 2/3,
undrained) does not exceed 0.15% from the beginning to the end
of the experiment. Its permanent strain only increases 0.0944%
for the last 49,000 cycles. When CSR reaches a certain value, the
development of strain changes, and the permanent strain increases
sharply, while the resilient strain keeps almost unchanged with
an increasing number of cycles. Additionally, drainage conditions
have a significant effect on the cyclic deformation of clays and
this effect varies with different cyclic stress levels. Below a certain
stress level, clay has a higher permanent strain under partially
drained conditions than under undrained conditions, as seen in
the permanent strains of specimen D05b vs. U05b and D04b
vs. U04b. However, if the cyclic stress level exceeds a certain
value, the results are reversed, as seen in the permanent strains of
specimen D07b vs. U07b and D08b vs. U08b. The development of
resilient strains follows a different pattern: clay always has a higher
resilient strain under undrained conditions than under partially
drained conditions, and the cyclic stress level has little effect on
this result.

Furthermore, Figure 9 presents that the cyclic confining pressure
obviously accelerates the development of strain for tests under
drained conditions. With the same CSR value, the specimen
with higher cyclic confining pressure always has higher strain
and is less likely to reach stability. For example, when CSR =
0.25, the specimens D04a (η = 1/3, drained), D05b (η = 2/3,
drained) and D06b (η = 5/6, drained) have permanent axial
strains of 1.12%, 1.69% and 1.78%. However, this ascending
trend does not work for tests under undrained conditions.
For example, the specimens U04a (η = 1/3, undrained), U05b
(η = 2/3, undrained) and U06b (η = 5/6, undrained) have
permanent axial strains of 1.13%, 0.56% and 1.18%. The reason
for this phenomenon is supposed to be that in undrained tests,
the increasing confining pressure accelerates the generation of
pore pressure, therefore the specimen becomes weaker, leading
to higher strains. While the increasing confining pressure and
drainage channel have opposite contributions to the generation
of pore pressure in the specimens and therefore decelerate the
development of strain.

Figure 10 presents the development of resilient strain versus
the number of cycles with typical CSR values (0.05, 0.15, 0.25
and 0.35). The resilient behaviors of soft silty clay under different
drainage conditions is quite related to the cyclic stress level. As
shown in Figure 10A, with a low cyclic stress level, the resilient
strain rises to a stable value within 100 cycles and then remains
unchanged until the end of applied cycles. Combining with the
development of permanent strain mentioned above, it means that
the soft silty clay is likely at the elastic shakedown state (Gu et al.,
2019) with this cyclic stress level. And at this state, the cyclic
confining pressure has even little effect on the development of
resilient strain. Moreover, the drainage conditions have also little
effect on the resilient behavior of the soft silty clay, noting that
all six curves almost overlap together. Once CSR is greater than
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FIGURE 8
Typical deformation behavior of specimen in cyclic triaxial tests: (A) axial strain versus number of cycles; (B) certain single stress-strain hysteretic loop.

FIGURE 9
Axial strain versus number of cycles in cyclic triaxial tests: (A) η = 1/3;
(B) η = 2/3; (C) η = 5/6.

0.05, the development of resilient strains becomes different. For
undrained tests, the value of ɛr increases nearly linearly before 1,000
cycles, reaches a steady value and then remains this value until the
end. However, the resilient strain of tests under partially drained
conditions gradually decreases after approximately 1,000 cycles.
Also, the cyclic confining pressure has little effect on the resilient
behaviors of clay under both partially drained and undrained tests.

With increasingCSR, Figure 10C shows the discrepancy between the
effect of cyclic confining pressure on the resilient behaviors of clay
under different drainage conditions, i.e., the effect of cyclic confining
pressure has a significant effect on that of undrained tests but still
has little effect on the resilient strain for partially drained tests.
When CSR reaches a certain value (CSR = 0.35 in this study), under
undrained condition, the resilient strain is positively correlated with
cyclic confining pressure (the undrained test with η = 5/6 shows a
significant decrease because the specimen has been destroyed and
cannot rebound normally), while the partially drained test is just
the opposite.

Figure 11 displays the semi-logarithmic relationship between
permanent strain and cyclic period with different CSR values.
When CSR = 0.05, the permanent strains of specimens are all
very tiny (less than 0.15%) during the entire loading period, under
three different η values and different drainage conditions. As the
CSR increases, the permanent strain gradually increases, and the
difference between the permanent strain under different η values
becomes more obvious. For example, in a drained experiment at
CSR = 0.15, the permanent strain is 0.6377% at η = 5/6, compared
to the permanent strain of 0.4647% at η = 1/3, it only increases
by 0.1730%. For CSR = 0.35, the permanent strain of η = 5/6
increase of η = 1/3 by 0.6249% after 50,000 cycles. Besides, the
difference between the permanent strain in the undrained tests
and partially drained tests becomes larger with the increasing CSR
and η values. For example, the permanent strain of specimen
D08b and U08b (CSR = 0.35, η = 5/6) are the maximum and
minimum curves in Figure 11D, respectively. It means that drainage
conditions have a significant effect on the plastic or unrecoverable
deformation of soils, even on those of soft silty clay with extremely
low permeability. And this effect tends to be more profound if with
a higher CSR.

Figure 8 shows the permanent strain after 50,000 cycles,
ɛp50,000, with different CSR values in CCP tests (Figure 12A) and
VCP tests (Figure 12B). When CSR <0.20, the increasing CSR has
little effect on the increasing permanent strain of clay, regardless
of different drainage conditions and cyclic confining pressures. The
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FIGURE 10
Relationship between resilient strain and number of cycles under different CSRs: (A) CSR = 0.05; (B) CSR = 0.15; (C) CSR = 0.25; (D) CSR = 0.35.

curves of permanent strain of undrained and partially drained
tests at CSR = 0.05 ∼ 0.25 are flat and almost overlap together.
However, when the CSR exceeds 0.25, the permanent strain for the
undrained tests is enhanced by the increasing CSR. And the curve
of permanent strain of undrained tests shows a much sharper rise
with increasing CSR and becomes much higher than that of the
partially drained tests. And this discrepancy exists among both the
CCP and VCP tests. Moreover, the cyclic confining pressure has
a considerable effect on the aggravation caused by the increasing
CSR when it exceeds 0.25. But it is the cyclic confining pressure
with η = 2/3 that causes the minimum permanent strain under
either drainage condition. This phenomenon should be further
researched.

4.3 Prediction of permanent strain

The prediction of permanent strain for soil under long-term
cyclic loading contributes to a more precise prediction of subgrade
settlement in actual practices (Lekarp et al., 2000). Therefore, the
prediction of permanent strain during cyclic loading has been
getting more attention among researchers. Figure 13A, B describe

the permanent strain versus the number of cycles in the log-log plot
under partially drained and undrained conditions, respectively.
Tests with CSR values below 0.25 were chosen for further analysis
since higher CSR values are no longer safe for actual practices and
are unlikely to exists. Figure 13A shows that the curves between
log ɛp and log N are generally linear for undrained tests and
appear to be two lines with an inflection point at approximately
N = 10,000 for partially drained tests. Therefore, the curves
for both drainage conditions are linear in a log-log plot after N
= 10,000, and an empirical formula for permanent strain can
be written as:

εp = εp10,000(
N

10,000
)
α

(7)

where α is the slope of log ɛp and log N, and ɛp10,000 is
the reference permanent strain, i.e., the permanent strain
at cycle No. 10,000 in this study. This power relationship
between the permanent strain and the number of cycles
has been adopted for soft clay in previous researches
(Lekarp et al., 2000; Wang et al., 2013; Wichtmann and
Triantafyllidis, 2018). The parameters of Equation 7 are
summarized in Table 4.
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FIGURE 11
Relationship between permanent strain and number of cycles in a semi-logarithmic plot under different CSRs: (A) CSR = 0.05; (B) CSR = 0.15; (C) CSR
= 0.25; (D) CSR = 0.35.

FIGURE 12
Permanent strain of 50,000th cycle versus CSR in different types of tests: (A) CCP tests; (B) VCP tests.
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FIGURE 13
Permanent strain versus cycling numbers in a log-log plot under different drainage conditions: (A) partially drained; (B) undrained.

TABLE 4 Detailed parameters of Equation 7.

Drainage
conditions

CSR η εp10,000 (%) α

Partially drained

0.05

1/3 0.0099 0.8771

2/3 0.0326 0.4127

5/6 0.0657 0.4604

0.15

1/3 0.3098 0.1744

2/3 0.3743 0.2227

5/6 0.4011 0.2586

0.25

1/3 1.0115 0.0743

2/3 1.4290 0.0976

5/6 1.5332 0.0808

Undrained

0.05

1/3 0.0066 0.4939

2/3 0.0032 2.4561

5/6 0.0130 —

0.15

1/3 0.1272 0.1283

2/3 0.0879 0.3392

5/6 0.0950 0.3928

0.25

1/3 0.9147 0.1084

2/3 0.4329 0.2015

5/6 1.0747 0.1364

Figure 14 presents the relationships between the
parameters in Equation 7 and their loading conditions. Comparing
these four figures, the reference permanent strain in partially
drained conditions is generally higher than those in undrained
tests, but the slope of curves in partially drained conditions
is generally lower than those in undrained tests. This means
the development of strain in partially drained conditions grows
higher in the beginning but is more likely to reach the steady
value than that in undrained conditions. For partially drained
tests, the reference permanent strain increases if either CSR or
η increases. While for undrained tests, the reference permanent
strain indeed increases with increasing CSR but is hardly affected
by the increment of η (this effect only becomes obvious with
higher CSR). It is inferred that, in partially drained conditions,
the increment of cyclic confining pressures helps discharge pore
water in the void of soft silty clay in the early stage of cyclic
loading and therefore causes higher strain accumulation. But
if it is an undrained test, the total strain remains the same
and in the early stage, the increasing trend of radial strains
caused by increasing pore pressure is likely to be counteracted
by the decreasing trend of radial strains caused an increment
of cyclic confining pressures. Therefore, the axial strain tends to
be unchanged by increasing η value. However, with more cyclic
loading, the increase of axial strain caused by more accumulated
pore pressure becomes overwhelming, and that is why the slope of
curves for undrained tests is generally higher than those for partially
drained tests.

As shown in Figure 14, the parameters in Equation 7 can be
expressed by the loading conditions as follows:

εp10,000 = aCSRbηc (8)

α = lCSRmηn (9)
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FIGURE 14
Relationships between the parameters and loading conditions: (A) the reference strain in partially drained tests; (B) α in partially drained tests; (C) the
reference strain in undrained tests; (D) α in undrained tests.

where a = 56.96,b = 2.54,c = 0.445 in partially drained
tests, a = 552.02,b = 4.48,c = 0.17 in undrained tests,
l = 0.0145,m = − 1.15,n = − 0.56 in partially drained tests,
l = 0.0164,m = − 1.97,n = 2.21 in undrained tests in
this study. Figure 15 shows the permanent strain after 10,000
cycles predicted by the empirical model proposed in this study. The
predicted results are in good agreement with the experimental data,
which validates the capability and accuracy of this empirical model.

5 Conclusion

In this study, 28 cyclic tests were conducted on remolded
saturated soft silty clay with both constant confining pressure and

variable confining pressure under partially drained and undrained
conditions. The effect of cyclic confining pressure and different
drainage conditions was analyzed in terms of the development of
pore pressure and deformation behaviors. The main conclusions
are as follows:

(1) Under undrained conditions, both the amplitudes of pore
pressure and the accumulated pore pressure are not linearly
related to the level of cyclic confining pressure. While under
partially drained conditions, the amplitudes of pore pressure
mainly depend on CSR and are less influenced by cyclic
confining pressure compared to undrained tests.

(2) Cyclic confining pressure aggravates both the resilient strain
and permanent strain of soft silty clay under undrained
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FIGURE 15
Comparison between experimental results and predicted results by the proposed empirical equation.

conditions, and the strains increase more with higher cyclic
confining pressure. But under partially drained conditions,
both the resilient strain and permanent strain do not increase
linearly with cyclic confining pressure, even with relatively
higher CSR.

(3) Below a critical value of CSR, 0.25, the permanent strain under
different drainage and stress conditions hardly increases with
increasing CSR even after long-term cyclic loading. But if CSR
is higher than this critical value, the permanent strain will
obviously increase, and the permanent strain of undrained
tests shows a much sharper rise with increasing CSR and
becomes much higher than that of partially drained tests,
regardless of the level of cyclic confining pressure.

(4) Considering cyclic confining pressure and cyclic stress ratio,
a concise prediction model for permanent strain is proposed
and validated by test results under both partially drained and
undrained conditions.
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