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Abstract: In this paper, a series of triaxial tests under coupled cyclic-seepage loads were carried out for saturated soft clay in Tianjin.
The results show that the development of cumulative plastic strain is characterized by three stages: initial instantaneous growth, decelerated
increase and stable / linear development, and seepage can enlarge the dynamic deformation up to 1-2 times of that compared to cyclic
load only. Larger seepage force induces greater cumulative plastic deformation. The lower frequency or greater cyclic stress amplitude
induces larger strain. The prediction model of cumulative plastic deformation of soft clay is established under the condition of dynamic-
seepage coupling. The presence of seepage induces greater inclination to strain axis of hysteric curve at initial vibration. The dynamic
elastic modulus of soft clay increases first and then decreases, and the larger seepage force induces lower modulus; the mathematical
relationship between dynamic elastic modulus and cumulative plastic strain is revealed: under seepage condition, a prediction model
of dynamic modulus was proposed considering the influences of seepage force and frequency. The damp ratio decreases to a constant
value with increasing number of cycle. The larger the seepage force is, the larger the damping ratio attenuation amplitude is, and the
damping ratio is approximately 0.02—0.04 at the end of the vibration. The results could provide guidance on the numerical simulation

of dynamic characteristics of soft clay ground under seepage condition.

Keywords: soft clay; dynamic-seepage coupling; cumulative plastic strain; seepage; dynamic modulus; damping ratio

1 Introduction

With the development of national economy, the deve-
lopment of underground space has become an effective
means to solve the problem of limited land resources that
restricts urban development. Underground engineering
(foundation pit engineering, tunnel engineering, under-
ground utility tunnel, etc.) shows much deeper, larger,
and longer characteristics adapted to sustainable deve-
lopment of cities!!]. There are often two types of engi-
neering risks in construction: high geological risks and
high environmental risks. In coastal areas, the groundwater
level is high, and there are soft soil layers, flowable silt
layers and sand layers, which pose high geological risks.
In addition, underground engineering is concealed, and
it is difficult to repair construction defects and monitor
service performance. There are dense surrounding over-
ground and underground facilities, which makes the cons-
truction difficult. Moreover, it is important to ensure
the safety of the existing underground structures in the
vicinity, which poses high environmental risks. Effective
and feasible development of underground space is of great
significance to ensure safety of project construction and
environment.

As the scale of engineering construction continues
to increase, accidents frequently occur, such as excessive
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ground settlement caused by underground excavation or
major water inrush and sand inrush engineering accidents:
tunnel excavation induced damage (such as flooding and
collapse accident of the Foshan subway in 2018, the
flooding and collapse accident of the Guangzhou Metro
Line 1 in 2019, etc.); the engineering losses caused by
the collapse of the foundation pit and the destruction of
the surrounding environment (such as a collapse accident
of the deep foundation pit in Nanjing due to water hazard
in 2019, inclined cracking of surrounding buildings caused
by water leakage of foundation pit of Tianjin Metro Line
3 in 2009, etc.). The causes of these underground engi-
neering accidents are mostly related to groundwater. The
potential threats of groundwater hazards to engineering
construction and engineering service must be highly valued
and deeply analyzed by researchers.

At present, for the dynamic loading analysis of soft
clay, researchers have analyzed many influencing factors,
including cyclic stress ratiol?), vibration waveform!®,
vibration frequency, consolidation statel® %], confining
pressurel’], and stress path!®], etc. In general, these factors
can be divided into two levels: the initial state of the
soil and the load pattern. Regarding the dynamic defor-
mation of soft clay, the main conclusions is that the
development of deformation has three stages!>®! with
a critical cyclic stress ratiol> 7). There is a controversy
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about the influence of vibration frequency on deformation.
Zheng et al.[ believed that frequency had little influence
on deformation, while Lei et al.l'%! deemed that frequency
had a great influence on deformation development, and
developed a deformation development prediction model
considering various factors by using empirical analysis.
As for the engineering characteristics of soft clay in seepage
field, many scholars mainly analyzed the permeability
coefficient of soft clay from the perspective of unit tests,
considering different loading modes!'!), characteristics
of structure!'?), soil sample gradation''* and other aspects,
and established different calculation models of permeability
coefficient of soft clay, which provided a basis for the
conversion of the permeability coefficient of soft clay
under the certain initial conditions.

Soft clay often undergoes multi-field coupling in
complex environments, such as unloading disturbances
in foundation pit engineering, additional traffic loads from
adjacent municipal road operations, and seepage effects
caused by foundation pit dewatering, and combined cyclic
loading of traffic and groundwater seepage during the
operation period of the subway tunnel. Coupled effect of
dynamic stress field and seepage field is more common
in underground engineering problems. Therefore, accurate
evaluation of the engineering characteristics for soft clay
is of great significance for the design, construction, and
operation safety analysis of underground engineering.

Table 1 Basic physical and mechanical properties of samples

There are relatively few studies on the engineering
response of soft clay under dynamic—seepage conditions,
and thus further study is needed. This paper presents
experiments on dynamic characteristics of soft clay under
dynamic—seepage coupling conditions through the indoor
cyclic triaxial test using the seepage module for the test
instrument. The influences of seepage force on the hyste-
resis curve characteristics and damping ratio of soft clay
are mainly analyzed; the development laws of the cum-
ulative plastic strain for the soil under different seepage
forces, frequencies and dynamic stress amplitudes are
also analyzed. A model for prediction of the cumulative
plastic deformation of soft clay in the dynamic—seepage
field is developed. Meanwhile, the influencing factors
of the dynamic elastic modulus of soft clay are analyzed,
and the normalized conversion model of the dynamic
elastic modulus is established to provide a basis for
numerical analysis and theoretical research.

2 Test sample and scheme

2.1 Test sample

The test soil samples were taken from Tianjin Binhai
New Area, with a depth of 10 m. A thin-walled soil sampler
was used for sampling. Laboratory physical parameter
test of soil was carried out, and the main physical and
mechanical properties are shown in Table 1.

Moisture Density SpeCI'ﬁc Void ratio Ll.qu.ld Pl}ast'lc Permeal?lllty Cohesion . Iqternal Compre551on Silt content  Clay content
content g » om) gravity B limit limit coefficient ¢ /kPa friction angle index 1% %
wl P18 G, 0 ou/%  wpl%  kcm s P/C) C, ° °
42 1.94 2.70 1.08 46.2 26.4 1078-10"° 13.6 12.5 0.29 304 69.6

The content of clay particles (particle size smaller
than 0.005 mm) accounts for 69.6% of the total amount,
and the content of silt particles (0.005 mm <particle
size <0.075 mm) accounts for 30.4% of the total amount.
According to the Standard for geotechnical testing methods
(GB/T 50123-2019)!"¥ the test soil sample is fine-grained
soil. According to the classification standard of the plastic
graphs of fine-grained soil, the soil sample is clay with
low liquid limit (CL).

2.2 Test scheme

To analyze the engineering characteristics of soft clay
under dynamic-seepage coupling conditions, a series of
cyclic dynamic triaxial tests was conducted on the undis-
turbed soil under different seepage forces. During the
test, while opening the lower pore pressure valve of the
GDS dynamic triaxial instrument, a back pressure was
applied to the top end of soil through the back pressure
controller, thus leading to a water pressure difference
between top and bottom of the sample, that is, the seepage
force. Meanwhile, a set of undrained cyclic dynamic triaxial

https://rocksoilmech.researchcommons.org/journal/vol42/iss3/1
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tests without considering seepage was carried out to
explore the effect of seepage on the dynamic characteristics
of soft clay. Since the groundwater level of the sampling
site is 2—4 m, and the general underground engineering
activities are within a range of dozens meters depth, the
design seepage force is in the range of 50—150 kPa, which
is only used as preliminary investigation under the dynamic-
seepage coupling conditions.

To ascertain the influence of the cyclic stress ratio
and vibration frequency on the dynamic characteristics
of soft clay in the dynamic-seepage coupling field, the
cyclic stress ratios (CSR) are selected as 0.1, 0.2, 0.3 and
0.4, the vibration frequencies are 0.5, 1.0, 2.0, 3.0 and
4.0 Hz. The calculation formula of the cyclic stress ratio
is as follows:

CSR =24 (D
20,

where o, isthe dynamic stress amplitude (kPa); o, is
the consolidation pressure (kPa). The vibration waveform
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is a sine wave, and the test plan is shown in Table 2.

Table 2 Scheme of triaxial tests under confining pressure of
100 kPa

Seepage force /kPa CSR Frequency /Hz  Cycle number N
50 0.2 1.0 5000
80 0.2 1.0 5000

100 0.2 1.0 5000
120 0.2 1.0 5000
150 0.2 1.0 5000
50 0.1 1.0 5000
50 0.2 1.0 5000
50 0.3 1.0 5000
50 0.4 1.0 5000
50 0.2 0.5 5000
50 0.2 1.0 5000
50 0.2 2.0 5000
50 0.2 3.0 5000
50 0.2 4.0 5000
- 0.3 1.0 5000
50 0.3 1.0 5000

In particular, it is different from the typical drained
triaxial test, the accumulated excess pore water pressure
can be dissipated due to the intrinsic setting of drainage
conditions during vibration loading in the drained (or
partial drained) triaxial test. In this case, the dynamic
pore pressure is generated "passively". In the test plan
of this study, the water head is controlled artificially,
which can be considered as a kind of "actively" generated
volume force. The soil sample in this test has a high fines
content and does not have liquefaction potential, so it
will not be discussed.

2.3 Test procedures

(1) Sample preparation. The undisturbed soil taken
out of the thin-walled soil extractor is cut on the soil
cutter according to the Standard for geotechnical testing
methods (GB/T 50123-2019)!'* to make a sample with
a diameter of 39.1 mm and a height of 80 mm.

(2) Saturation. (i) Saturation by vacuuming: Put the
three-axis saturator with the sample into the vacuum
cylinder and seal it, connect the vacuum cylinder to the
aspirator to pump to the vacuum state, and maintain it
for 12 hours. Gently open the liquid inlet pipe, and slowly
pour clean water into the vacuum cylinder until the water
floods the saturator and then stop pumping. Open the
vacuum cylinder cover, and rest for more than 12 hours,
so that the sample is fully saturated. (i) Back pressure
saturation: After installing the sample to the GDS triaxial
instrument, use the back pressure setting to perform
secondary saturation, and stop saturation when the B value
reaches 0.95. The calculation formula of B value is as
follows:

Au
Ao,

B= (2)
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where Au is the increment of pore pressure (kPa); Ao,
is the increment of confining pressure (kPa).

(3) Anisotropic consolidation. Since the coefficient
of earth pressure at rest Ko for cohesive soil is usually
between 0.5 and 0.8, the consolidation ratio in this study
is a relatively conventional value of 1.5. When the pore
water pressure dissipates to the back pressure or the axial
strain rate becomes stable, the consolidation is considered
complete.

(4) Dynamic loading. Open the drain valve as the
seepage outlet, and set an upper back pressure as the
seepage inlet to form a stable seepage field. The cyclic
load waveform is selected as a sine wave, and the vibration
frequency, cyclic stress amplitude and vibration times are
set according to the test plan. During the loading process,
the computer automatically collects and records test data
such as loading time, axial stress, and strain.

(5) Unloading and uninstalling sample. Unload the
load, remove the soil sample, and finally clean the
instrument.

3 Experimental results and analysis

3.1 Strain development
3.1.1 Influence of seepage force

Figure 1 shows the cumulative plastic strain deve-
lopment curve of soft clay subjected to different seepage
forces with the cyclic stress ratio CSR = 0.1 and the
frequency f= 1 Hz. It is observed that the cumulative
plastic strain presents a three-stage development law: in
the initial stage of vibration, it increases approximately
linearly to 30%—40% of the total strain; the cumulative
plastic strain in the middle stage of the vibration shows
a slow increase trend; next, the plastic strain develops
into a stable or non-convergent development mode. For
the convenience of analysis, this study defines the two
types as follows:

A, | wwerany < 0.01% (3)

where Ag, is the cumulative plastic strain increment;
AN is the cyclic vibration increment.

That is, in the later stage of cyclic loading, when
the number of cycle increases by 1 000 and the cumulative
plastic strain increment is not more than 0.01%, the curve
development form is stable; otherwise, it is development
type.

The seepage force has a significant effect on the deve-
lopment of cumulative plastic strain. The greater the
seepage force is, the greater the cumulative plastic strain
is. The linear instantaneous growth rate of strain at the
initial stage of vibration under different seepage forces
is not much different. The main reason is that this stage
is the shear deformation of saturated soft clay under
instantaneous loading. The influence of seepage force
is mainly reflected in the decelerating growth phrase
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of strain in the middle stage of vibration loading. With
the increase of the cyclic load period, the volume defor-
mation of drained consolidation accounts for the main
stage. Fig. 1 shows that when the number of cyclic vibra-
tions exceeds 2 000, the plastic deformation of the soil
under 50 kPa and 80 kPa seepage forces does not change
extremely with the development of the number of cycle.
When each vibration increases by 1 000, the cumulative
plastic strain increment is smaller than 0.01%, its dev-
elopment mode is stable, and finally reaches a relatively
stable state, while the deformation under other large seepage
forces is finally developed, and the average cumulative
plastic strain is 0.06% with the increase of 1 000 cycles.
After the deceleration of growth phase is over, the defor-
mation of the stable type is more than 90% for the total
deformation, and the cumulative deformation of the deve-
lopment type is smaller than 85% for the total defor-
mation. The greater the seepage force is, the greater the
final cumulative plastic strain is. When the seepage force
increases from 50 kPa to 150 kPa, the cumulative plastic
strain increases by 1-2 times.

200 CSR=01./=1Hz

Cumulative plastic strain /%

1.0

05 Seepage pressure
—=— 50 kPa ——80 kPa ——100 kPa
—v— 120 kPa ——150 kPa

0.0 & 1 1 1

0 1000 2000 3000 4000 5000
Cycle number N

Fig.1 Cumulative plastic strains under different seepage
pressures

In the dynamic-seepage field, when the consolidated
confining pressure is constant, the greater the seepage
force, the more significant the plastic deformation of the
soft clay. The seepage force causes the smaller soil particles
to rotate, move and even break, showing compaction
characteristics along the seepage direction. Meanwhile,
under the action of the coupled cyclic load, the pore water
in the soil mass is continuously discharged from the mass
through seepage movement, the soil mass undergoes
dynamic drainage and consolidation, pore compression,
soil skeleton compaction, as a result, the soil mass exhibits
a large deformation.

3.1.2 Influence of cyclic stress ratio

Figure 2 shows the cumulative plastic strain deve-
lopment of soft clay under different cyclic stress ratios
when the frequency /= 1 Hz and the seepage force p =
50 kPa. It is observed that the influence of the cyclic
stress ratio on cumulative plastic strain of soft clay is
similar to that of seepage force, and its development curve

https://rocksoilmech.researchcommons.org/journal/vol42/iss3/1
DOI: 10.16285/j.rsm.2020.5906

3.5 f=1Hz, p=50kPa
30 | —=— CSR=0.1—e— CSR =0.2——CSR = 0.3
—v— CSR=0.4

Cumulative plastic strain /%

00 & 1 1 1 1 ]
0 1000 2000 3000 4000 5000

Cycle number N

Fig.2 Cumulative plastic strains under different cyclic
stress ratio

shows a three-stage development law. When CSR = 0.1,
at the end of the vibration period (N:4 000—5 000),
A&lan=1000= 0.005 9%, the soil deformation is stable
type, and it enters a stable development stage at about
2 000 cycles, with a strain exceeding 90% of the total
deformation. With the increase of dynamic stress, the
plastic strain of soft clay gradually transforms from stable
to developing. In the later stage of vibration, plastic strain
still accumulates at a small rate, and the strain accumulation
rate is not much different under different cyclic stress
ratios. At the end of vibration, the cumulative plastic
strain under the condition of cyclic stress ratio for 0.1
is 0.54%. When the cyclic stress ratio increases to 0.4,
the cumulative plastic strain increases by 3.87 times.

Cyclic loading promotes soil dynamic drainage and
consolidation, pore water is discharged from the soil mass,
pore is compressed, and volumetric strain is generated.
As such, the larger soil particles are broken into smaller
particles under the action of cyclic loading, and the smaller
particles are compressed and reorganized to form a denser
soil skeleton, which causes greater deformation. The greater
the cyclic stress ratio, the more significant the effect of
dynamic drainage consolidation, the greater the degree
of soil particle fragmentation, and the larger the plastic
deformation.
3.1.3 Influence of frequency

Figure 3 displays the cumulative plastic strain dev-
elopment of soft clay under different vibration frequencies
when the cyclic stress ratio CSR = 0.2, and the seepage
force p = 50 kPa. It is shown that the vibration frequency
has a significant effect on the cumulative plastic strain
development of soft clay. The accumulative plastic strain
growth rates at different frequencies in the initial period
of vibration are basically same. In the middle period of
vibration, the influence of frequency is more prominent.
The smaller the frequency, the greater the plastic strain.
When the frequency is 4 Hz, at the end of vibration
(N:4 000—5 000), A&|an=1000= 0.009 3%, the plastic
deformation of soft clay develops into a stable type. When
the cycles are higher than 2 000, the deformation is basically
stable, and the deformation reaches 90% of the total
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deformation. When the frequency is lower than 4.0 Hz,
as the vibration frequency decreases, the development
rate of soil deformation accelerates, resulting in greater
plastic deformation. At the end of the vibration, the
cumulative plastic strain at 0.5 Hz is 2.47 times that at
4.0 Hz.

1.6
1.4
1.2
1.0
0.8
0.6

CSR=0.2, p=50kPa

Cumulative plastic strain /%

0.4 Frequency
—=— (0.5 Hz——1.0 Hz——2.0 Hz
0.2 —v—3.0 Hz——4.0 Hz
00 - 1 1 1 1 J
0 1000 2000 3000 4000 5000

Cycle number N

Fig.3 Cumulative plastic strains under
different frequencies

Aiming at the mechanism of frequency influence,
Yang et al.'>) considered that under low frequency con-
ditions, the external load had stronger effect on the speci-
men, which results in a greater the damage to the structural
connection between soil particles under all other conditions
being the same, causing a greater the plastic deformation.
Wang et al.['®! explained the influence of frequency on
dynamic deformation from the perspective of energy, and
proposed the cumulative effect at low frequencies. They
observed the frequency effect increased significantly as
the frequency increased. Wang et al.''”) noticed that the
pore pressure had sufficient time to accumulate under
low frequency conditions (<<0.1 Hz), thereby affecting
the deformation characteristics. This study believed from
the perspective of energy analysis that, because the mecha-
nical behavior of soft clay had certain visco-elastoplastic
characteristics, under the same number of cycle. Because
the higher the frequency, the higher the loading rate, and
the shorter the overall time for the soft clay to absorb
energy. As a result, the capability of energy absorption due
particle rearrangement and pore compaction is relatively
low, resulting in a smaller deformation.

3.1.4 Prediction model for accumulative plastic strain

Scholars have done a lot of work on the development
and prediction model of cumulative plastic deformation
of soft clay under cyclic loading. The parameters of
theoretical analysis based on constitutive models are
difficult to obtain, the calculation amount is large, and
the calculation results often differ greatly from the actual
project, consequently the applicability is not great. The
empirical model is widely used because of its simplicity
and convenience. The most widely used is the exponential
model proposed by Monismith!!®):

Published by Rock and Soil Mechanics, 2021

g, =aN’ (4)

where €, is the cumulative plastic strain (%); a and b
are the test parameters. Li et al.l"”! proposed a modified
model that considers the dynamic stress level, the static
strength of the soil and the physical and mechanical
properties based on the exponential model:

g, = a(%] N’ (5
where o, is the static strength of the soil (kPa); m is
the test parameter. After that, Chai et al.>®! further modified
the exponential model and added the initial deviatoric
stress to obtain the following empirical model:

o V' (., o,)
Ep:a(—dj (1+—'dj N’ (6)
O-S O-S

where o, is the initial deviatoric stress; n is the test
parameter. It can be found that, for the long-term defor-
mation prediction model of soft clay under dynamic loading,
its framework mainly contains three aspects: (i) the part
of the function reflecting the initial state of the soil, such
as the consideration of the initial static deviatoric stress
by Chai et al.?%!, and the CSR consideration of the over-
consolidation degree of the soil by the modified model
of Chen et al.?!; (ii) functional parameters reflecting the
loading conditions, such as dynamic stress amplitude,
frequency and other parameters; and (iii) functional
model that reflects periodicity. The mathematical
relationship that characterizes the evolution mode of soil
deformation, such as the exponential form or power
function form of the vibration.

Based on the Monismith exponent model, this study
considers the effects of seepage force, cyclic stress ratio
and vibration frequency on the cumulative plastic defor-
mation, and establishes a prediction model for the cumu-
lative plastic deformation of soft clay in the dynamic-

seepage field?;
.= m[o_%+CSRJ - 7
, =ae N 7

where k£ is the test parameter; p is the seepage force
(kPa); and fis the frequency. Through multiple regression
mathematical analysis, Table 3 gives the fitting para-
meters and the coefficient of determination under different
conditions. Statistics show that the range of parameter
a is 0.029—-0.058, b is 0.128-0.184, m is 2.982—6.452,
and k is —0.567—0.704. The variance R? of the fitted
curves are all above 0.85. Fig.4 shows the comparison
between the prediction model and the test data under
different conditions. It is observed that within a certain
error tolerance range, the prediction model can well reflect
the development law of cumulative plastic deformation
of soft clay considering the effects of seepage.
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Table 3 Parameters of the proposed model

Seepage force /kPa CSR Frequency /Hz a m k b R?
50 0.2 1.0 0.057 6 3.2825 — 0.159 8 0.952 1
30 0.2 1.0 0.056 4 3.808 1 — 0.1725 0.922 1

100 0.2 1.0 0.058 4 2.980 7 — 0.1739 0.906 3
120 0.2 1.0 0.0575 3.496 7 — 0.164 5 0.897 5
150 0.2 1.0 0.058 1 3.097 3 — 0.148 4 0.943 5
50 0.1 1.0 0.039 6 6.0127 — 0.184 3 0.899 7
50 0.2 1.0 0.030 6 59873 — 0.159 8 0.964 9
50 0.3 1.0 0.0349 6.216 3 — 0.1439 09228
50 0.4 1.0 0.029 1 6.452 3 — 0.129 5 0.867 1
50 0.2 0.5 0.028 6 4.498 7 —0.6387 0.128 1 0.896 2
50 0.2 1.0 0.029 4 4.789 2 — 0.159 8 0.964 9
50 0.2 2.0 0.0312 5.0134 —0.566 8 0.1729 0.9753
50 0.2 3.0 0.030 1 52851 —0.703 5 0.168 5 0973 8
50 0.2 4.0 0.291 6 48729 —0.673 5 0.163 0 0.9510

3.2 Dynamic parameters
3.2.1 Hysteretic curve

Figure 5 shows the hysteresis curve of soft clay at
different loading stages for CSR = 0.3 and /=1 Hz. It
is found that the hysteresis curve has obvious characte-
ristics of non-linearity and hysteresis. Its shape is similar
to an ellipse and is not closed, which characterizes the
residual strain under each cycle. As the number of cycles
increases, the residual strain gradually decreases or even
disappears, indicating that the cumulative plastic strain
of soft clay will eventually converge to a stable value.
The hysteresis curve gradually inclines slightly to the
strain axis, and the shape gradually transitions from the
"date pit-shaped" full state to the "needle-shaped" lean
state, which indicates that the energy dissipation of the
soil has decreased, and the soil will mainly show elastic
behavior.

The existence of seepage force has an effect on the
hysteresis curve of soft clay. In the initial stage of vibration,
under the condition of seepage force, the hysteresis curve
of soft clay is inclined to the strain axis more than that
under the condition of no seepage, which indicates that
its dynamic modulus is smaller, and its shape is less
full. The stress amplitude and strain amplitude are generally
smaller than those under non-seepage conditions. When
the number of cycles surpasses 100, there is little dif-
ference in the shape of the hysteresis curve under the
conditions of seepage and non-seepage, and the shape

of the hysteresis curve is approximately coincident. This
shows that the effect of seepage force on the dynamic
stress—strain relationship is mainly reflected in the initial
stage of vibration. The reason for this phenomenon is
that in the initial stage of dynamic loading, due to the
extra presence of seepage force, the pore water has no
time to drain. Under the same axial stress value, the
dynamic strain response generated is greater than that
without seepage force. As a result, the degree of inclination
of the hysteresis curve to the strain axis increases, and
with the continuous increase of the number of vibrations,
due to the influence of dynamic drainage and consolidation,
pore water is discharged, the influence of seepage force
on the hysteresis curve is weakened. Therefore, the hys-
teretic loop shape gradually approaches that without
seepage.
3.2.2 Dynamic modulus

(1) Influence of seepage force

Figure 6 shows the development curves of soft clay
dynamic elastic modulus with number of cycles under
different seepage forces for CSR =0.2 and f=1 Hz. In
general, the dynamic model shows a development law
of short-term increase and slow decrease in the later
period, and the greater the seepage force is, the smaller
the dynamic elastic modulus is. Under low seepage force
(50—80 kPa), the dynamic elastic modulus attenuates
after 1 000 vibrations, and under higher seepage force
(greater than 100 kPa), the dynamic modulus begins to
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Fig.4 Performance of the proposed model under different conditions

https://rocksoilmech.researchcommons.org/journal/vol42/iss3/1
DOI: 10.16285/j.rsm.2020.5906



LEl et al.: Experimental investigation on dynamic properties of soft clay und

LEI Hua-yang et al./ Rock and Soil Mechanics, 2021, 42(3): 601610 607
220 —e— Without seepage force/ 220 - _q—without seepage force/ 220 —&— Without seepage forcg
—A— With seepage force® —A— With seepage forge® / i
£ 200 // § 200 /.A S 200
= = =
£ 180 £ 180 £ 180
= = =
2 5 %
Zi60L 4 2 160k 4 % 160
‘/ -
140 1 1 1 1 1 J 140 1 1 1 1 1 ] 140 1 1 1 1l 1l ]
0.00 0.02 0.04 0.06 0.08 0.12 0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.00 0.02 0.04 0.06 0.08 0.10 0.12
Dynamic strain /% Dynamic strain /% Dynamic strain /%
(a)N=2 (b) N=10 (c) N=100
240 - . 240 . 240 - .
—&— Without seepage force —e— Without seepage force —e— Without seepage force

< 220} —A— With seepage force P L 220} —A— With seepage force L 220f —aA— With seepage force
i) ¥ -9
= ~ X
w200 % 200 % 200
- 180 2 180 2 180
£ ,E ‘E
< 160 < 160 < 160}

140 1 1 1 1 1 ] 140 1 1 1 1 1 ] 140 1 1 1 1 1 ]

0.00 0.02 0.04 0.06 0.08 0.10 0.12
Dynamic strain /%

(d) N=1000

0.00 0.02 0.04 0.06 0.08 0.10 0.12
Dynamic strain /%

(&) N=3000

0.00 0.02 0.04 0.06 0.08 0.10 0.12
Dynamic strain /%

() N=5000

Fig.5 Hysteretic curves of soft clay under different number of cycles
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Fig. 6 Dynamic elastic modulus under different seepage

degrade after 500 vibrations, with reduction of 5.7% and
6.3%, respectively. This indicates that with the increase
of seepage force, the time for the dynamic elastic modulus
to reach the peak is shorting. After 5 000 vibrations, the
dynamic elastic modulus under 150 kPa seepage force
is 34.6 MPa, which is an increase of 12.4% from the initial
value; and the dynamic elastic modulus under 50 kPa
seepage force is 70.8 MPa, which is an increase of
30.3% relevant to the initial value.

Considering the influence of seepage force, at the
initial stage of vibration, due to the instantaneous loading
of soil, the pore water is too late to discharge and there
is no volume deformation, resulting in the initial increase
of dynamic elastic modulus. With the increase of number
of cycles, the pore water is discharged out of the soil
mass under the coupling effect of dynamic-seepage, the
pore volume is reduced, the soil skeleton is compacted,
and the soil is dynamically drained and consolidated.
With the development of volume deformation, the dynamic
elastic modulus shows a decreasing law. In the later stage

Published by Rock and Soil Mechanics, 2021

of vibration, with the compaction of the soil skeleton
stabilizes, the dynamic elastic modulus tends to stabilize,
and the deformation gradually stabilizes, too.

(2) The relationship between dynamic elastic modulus
and cumulative plastic strain

For the convenience of analysis, J is defined as the
conversion coefficient of dynamic elastic modulus:

S=—
E

d

(8

where E, is the dynamic elastic modulus (MPa).

Figure 7 shows the change of the conversion coefficient
of dynamic elastic modulus with cumulative plastic strain
under different cyclic stress ratios with frequency /=1 Hz,
seepage force p = 50 kPa. It is indicated that with the
development of cumulative plastic strain, the conversion
coefficient & approximately attenuates in a power function.
Under the different CSRs, the difference of 0 is not
obvious, which shows that the CSR has no significant
influence on &, and the change of 6 mainly depends
on the development of plastic strain.
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Fig.7 Dynamic modulus versus cumulative plastic strain

under different cyclic stress ratio
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Figure 8 presents the development of dynamic elastic
modulus with cumulative plastic strain at different fre-
quencies. It is indicated that with the number of vibrations
increases, the conversion coefficient § generally displays
a quadratic function change law, and with decreasing
frequency, its strain amplitude and critical strain value
at the inflection point gradually increase. This phenomenon
is mainly related to the development mode of cumulative
plastic strain. According to Fig. 3, when the frequency
is high, the cumulative plastic strain tends to be stable,
and the dynamic elastic modulus gradually rises to a
stable value with the increase of soil compaction; when
the frequency is low, the cumulative plastic strain continues
to increase, the shear deformation continues to increase,
and the dynamic elastic modulus gradually decreases.
Since the conversion coefficient and the dynamic elastic
modulus are reciprocal to each other, a quadratic function
distribution appears.
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Fig.8 Dynamic elastic modulus versus cumulative plastic
strain under different frequencies

Figure 9 is the &, curves of soft clay &, under
different seepage forces. It is shown that the seepage
force has a greater influence on . As the seepage force
rises, 0 gradually increases. It is shown that o-&, app-
roximately presents a quadratic function distribution, and
the symmetrical axis strain is about 1%, which shows
that the seepage force has little effect on the quadratic
function morphology distribution, and the main influence
is the extremum. The reason for the quadratic function
distribution is similar to the influence mechanism at
different frequencies.

Figures 8 and 9 illustrate that frequency and seepage
force are closely related and have a significant impact
on 0 . For the convenience of analysis, the seepage force
p"” is used to normalize &, and the normalized dis-
tribution of § approximates to a quadratic function dis-
tribution. Meanwhile, the analysis combined with of
Figs. 8 and 9 indicates that the variation of frequency
affects the position distribution of the quadratic function,
and the seepage force mainly affects the peak point of
the function. Starting from the correlation between the
two, considering the influence modes and mechanisms
of seepage force and frequency, a normalized prediction
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Fig. 11 Performance of the prediction model of dynamic
elastic modulus under different seepage force

model is established as follows:
2
%X104=57X[8p—#j +9.5 9
" )

where " is the frequency influence factor, " =1.1"%/.
Figure 10 shows the comparison between the dynamic
elastic modulus prediction curve and the test points under
different frequency conditions. It is shown that the pre-
diction model can well predict the dynamic elastic modulus
of soft clay under different vibration frequencies.
Figure 11 is the comparison between the prediction
curves of the soft clay dynamic elastic modulus under
different seepage forces and the test points. It is shown
that when the seepage force is large, exceeding 100 kPa,
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the model prediction is better, and the seepage force is
lower (<80 kPa), there is a certain deviation between
the predicted value and the measured value, which is
caused by the error of normalization. In general, the
prediction is reasonably well, and the dynamic elastic
modulus of soft clay can be estimated under the coupled
condition of dynamic-seepage. The predicted model is
suitable for the analysis of the dynamic characteristics
for the site under the cyclic stress ratio lower than 0.4
and the frequency is smaller than 4 Hz.
3.2.3 Damping ratio

Damping ratio, as an important parameter of soil
dynamics, reflects the hysteresis of the soil stress—strain
relationship!?*]. The general calculation method is

a=L 5 (10)
47[: SAOAB

where A is the damping ratio; S, is the area of the hys-
teresis loop; and S,,,, is the area of the triangle OAB,
as shown in Fig. 12.
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Fig. 13 Damping ratio curves with number of cycles

Figure 13 displays the variation curves of damping
ratio with number of cycles subjected to different seepage
forces under the conditions of CSR = 0.2 and /=1 Hz.
It is indicated that the damping ratio gradually attenuates
to a stable value with the number of cycles. The existence
of seepage force has a great influence on the damping
ratio. For the convenience of analysis, the seepage ratio
s is defined as

s=2 (11>
o

c
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where o, is the confining pressure (kPa).

At the initial stage of vibration, the damping ratio
is 0.56 under no seepage conditions, and 0.16 after 10
cycles, which quickly attenuates by 71%. With the number
of cycles continues to increase, the attenuation rate dec-
reases. When the number of cycles reaches 5 000, the
damping ratio attenuates to an approximate constant value
of 0.04. When the seepage ratios are 1.2 and 1.5, the
damping ratios are attenuated by 96% and 98%, res-
pectively; and when the seepage ratios are 0.5 and 0.8,
the damping ratios are attenuated by 79% and 83%,
respectively. This suggests that as the seepage force
increases, the attenuation amplitude of the damping ratio
gradually increases. When the seepage ratios are 0.5 and
0.8, the change range of the damping ratio is relatively
small. Compared with the non-seepage condition, the
initial damping ratio (within 10 cycles) under seepage
is only about 1/3 that in the no seepage condition. When
the number of cycle exceeds 10, the damping ratio change
is approximate to that under no seepage condition.

When the seepage ratios are 1.2 and 1.5, the effect
of seepage force on the damping ratio is more significant.
The initial damping ratio (within 10 vibrations) increases
with the increase of seepage force. When the seepage
ratio is 1.5, the initial damping ratio is 1.7 times that under
no seepage condition. As the number of cycles increases,
there is a sharp attenuation in the initial stage of loading,
and then the attenuation rate slows. As the seepage ratio
increases from 1.2 to 1.5, the stable value of the damping
ratio declines from 0.02 to 0.01.

The analysis indicates that the change of the damping
ratio for the soft clay under the coupled condition of
dynamic-seepage is related to the seepage ratio. In general,
the greater the seepage ratio is, the greater the attenuation
amplitude of the damping ratio is. However, at the end
of the vibration, the damping ratios of the samples under
different seepage ratios are relatively close, approximately
0.02—0.04.

4 Conclusions

In this study, a series of dynamic-seepage coupled
cyclic triaxial tests was carried out on saturated soft clay,
and the cumulative plastic strain development laws of
soft clay under different seepage forces, cyclic stress ratios
and frequencies were analyzed, and a cumulative plastic
strain prediction model was established; the changes of
hysteresis curve, dynamic elastic modulus and damping
ratio of soft clay were revealed, and the normalized
mathematical model for dynamic elastic modulus and
cumulative plastic strain was established. The main
conclusions are as follows:

(1) The seepage force has an important influence on
the cumulative plastic strain of soft clay. The seepage
force increases the cumulative plastic deformation of
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dynamic-seepage coupling by 1-2 times. The greater the
seepage force, the greater the cumulative plastic strain,
and its strain development presents three-stage charac-
teristics: an initial instant increase, a moderative increase,
and a stable/linear development. A greater dynamic stress
with lower frequency results in a greater the cumulative
plastic strain of soft clay. A predictive model of the cumu-
lative plastic strain of soft clay considering the three
factors of seepage force, frequency and cyclic stress ratio
is established.

(2) The existence of seepage force increases the incli-
nation of the hysteresis curve for soft clay to the strain
axis; the dynamic elastic modulus of soft clay shows the
characteristic of first increasing and then decreasing. The
greater the seepage force, the lower the dynamic elastic
modulus, and the smaller the critical number of cycles
during attenuation. A normalized dynamic elastic modulus
prediction model considering the seepage force and fre-
quency is established.

(3) Under dynamic-seepage coupling conditions, the
change of damping ratio is affected by seepage force.
The greater the seepage force, the greater the attenuation
amplitude of the damping ratio. The damping ratios under
different seepage ratios are relatively close, approximately
0.02—0.04. The research results can provide a theoretical
reference for site dynamic response analysis under fluid—
structure coupling conditions.
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