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Abstract: The stress disturbance induced by adjacent construction has a significant impact on the
dynamic characteristics of the soil, resulting in complex long-term tunnel settlement under train
vibration load. Through a series of dynamic triaxial tests, the effects of different fine particle contents
and axial unloading intensities on the permanent axial deformation and excess pore water pressure
of reconstituted silt under long-term cyclic loading were investigated. The findings show that as fine
particle content in the silt increases, the threshold dynamic stress and failure cycle number decrease
at first, then increase, reaching a minimum value at 10% fine particle content. The dynamic character-
istics of silt are significantly affected by axial unloading, and the dynamic stress threshold amplitude
of a soil sample decreases as the unloading strength increases. The accumulation of silt deformation
caused by long-term cyclic load can be effectively controlled by ensuring drainage conditions.

Keywords: reconstituted silt; cyclic loading; fine particle content; axial unloading intensity;
permanent axial strain; excess pore water pressure

1. Introduction

The permanent settlement caused by the cyclic loading of metro trains has greatly
increased the operation risk and maintenance cost of urban metro tunnels [1,2]. On the
southeast coast of China, many metro lines cross the silt stratum with rich groundwater
and complex geological conditions. In particular, the construction activities above the
existing metro tunnels are increasing year by year due to the rapid development of the
city [3]. Under the coupling effect of the above foundation pit excavation and the train
vibration, the deformation and liquefaction of the silt surrounding existing shield tunnels
must be studied.

Currently a large number of laboratory tests [4-7] and field tests [8] on the dynamic
characteristics of silt under cyclic loading have been conducted. Georgiannou et al. (1991)
pointed out that there is a threshold strain that determines the stable and unstable patterns
of the clayey sand under undrained cyclic triaxial loading [9]. In some other research, the
threshold stress has been used. When the dynamic stress amplitude exceeds the value,
the plastic deformation and excess pore water pressure of the soil increase significantly
as the number of cycles increases. When the dynamic stress amplitude is less than the
threshold value, the plastic deformation and excess pore water pressure of soil are rel-
atively small [10,11]. Rapid increase in the excess pore water pressure may cause soil
liquefaction [12]. In particular, current research focuses on the influence of fine particles on
the liquefaction resistance of soil during earthquakes. Dash et al. (2010) investigated the
influence of fine particles on the dynamic properties of silty sand under cyclic loading. The
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test results reveal that the non-plastic fines have a significant impact on the cyclic resistance
ratio (CRR) and pore water pressure accumulation [13]. Akhila et al. (2019) studied the
effect of clay content and gradation on the liquefaction resistance of sand—clay mixtures
through triaxial cyclic tests, and discovered that the liquefaction resistance decreased with
the increase of clay content [14]. Ghani et al. (2021) systematically summarized the effects
of fine particle content and plasticity index on liquefaction resistance of soil [15]. At the
same time, the effect of principal stress rotation induced by dynamic stress paths on the
deformation and stability of soils has been further studied [16,17]. As the problem of mud
pumping (subgrade fluidization and fines migration into the ballast voids) in high-speed
railways becomes more prevalent, research into the effect of fine particle content on the dy-
namic response of high-speed railway subgrades under a train load is gradually increasing.
Indraratna et al. (2020) studied the cyclic load response of a high-speed railway subgrade
with different kaolin contents [18]. The findings show that increasing the content of fine
particles reduces the static undrained shear strength of soil mass, improves the plasticity
index, and the fluidization resistance of the soil sample. However, considering that mud
pumping occurs primarily on the soil surface, the confining pressure of the soil is limited to
20 kPa. Few studies on the development of permanent strain and pore water pressure of
surrounding silt under long-term metro cyclic load have been carried out. It is particularly
unclear how the fine particle content affects the dynamic characteristics of silt.

The change in soil stress state caused by adjacent construction is an important reason
for the deformation of the stratum and the existing shield tunnel [19,20], which also has
an impact on the cyclic deformation characteristics of the soil in the influenced zones.
Therefore, the influence of surrounding disturbance should be considered when analyzing
the dynamic characteristics of the soil around the tunnel under cyclic loading. However,
in most of the dynamic load tests, the confining pressure and static deviator stress are
maintained at a constant level throughout the cyclic loading process, and the impact of stress
disturbance caused by adjacent construction is not taken into account. The effect of stress
disturbance on soil deformation under long-term cyclic loading has only been considered
in a few studies. Liu et al. (2021) studied the influence of lateral unloading between
cycles on the deformation of kaolin clay, and the results showed that the accumulated axial
strain increased significantly with the increase in lateral unloading [21]. Liu et al. (2021)
investigated the effect of axial and lateral stress disturbances on the undrained dynamic
response characteristics of kaolin clay. The results showed that the accumulated axial
strain is controlled by the static deviator stress ratio (§/pp) and is independent of the stress
disturbance schemes [22]. The related research is mainly focused on kaolin clay, and the
effect of stress disturbance on permanent strain and pore water pressure of silt under cyclic
loading needs to be further investigated.

In this paper, a series of undrained cyclic triaxial tests of silt with varying fine particle
content and stress disturbance are presented. The static axial stress of the soil samples is
reduced by various magnitudes to simulate the impact of foundation pit excavation and
structural construction above the tunnel. By analyzing the accumulated axial strain and
excess pore water pressure (EPWP) of the soil samples under long-term cyclic loading, the
influence of fine particle content and axial unloading strength on the dynamic response of
silt is discussed. The findings of the study can be used to develop a theoretical framework
for assessing the long-term deformation of the existing tunnel due to the combined effects
of adjacent construction and train loads.

2. Test Program
2.1. Soil

The silt was obtained from the saturated silt layer at a depth of 12-15 m in the Xiasha
section of the Hangzhou Metro Line 1. As the laboratory tests using undisturbed soil
samples are affected by many factors including sampling disturbance, spatial variability
of soil parameters, and the difficulty in controlling the content of fine particles, the soil
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samples of reconstituted silt were used instead. The basic physical indexes of in-situ silt
measured through geotechnical tests are summarized in Table 1.

Table 1. Physical properties of the silt.

wl%

palg/cm3

plglcm? Gs e wi /% wpl% Iy

28.91

1.49

1.94 2.69 0.79 31.3 24.70 6.74

Note: w = water content; pq = dry density; p = natural density; Gs = specific gravity; e = void ratio; wr, = liquid
limit; wp = plastic limit; Ip = plastic index.

Kaolin clay was chosen as the mixture soil in order to obtain silt with varying fine
particle content. Table 2 shows the particle size distribution of silt and kaolin clay as
determined by sieve analysis. Five groups of soil with clay content of 7%, 8%, 10%, 12%,
and 14% were calculated based on the particle size distribution.

Table 2. Particle size distribution of soil.

Particle Size Silt Kaolin Clay
Fine sand (0.25-0.075 mm) (%) 2.48 0
Silt (0.075-0.005 mm) (%) 90.54 49.80
Clay (<0.005 mm) (%) 6.98 50.20

2.2. Parameters of the Cyclic Loading
1. Wave form and frequency of the cyclic loading

It is critical to determine the reasonable wave form of cyclic loading. Tang et al. (2008)
discovered that the wave form of the dynamic stress in the surrounding soil has obvious
harmonic characteristics based on measurements taken along the Shanghai Metro Line.
The frequency of cyclic loading was divided into two types, 2.4-2.6 Hz and 0.4-0.6 Hz, due
to the different intervals between adjacent train wheels [1]. Based on a large number of
tests, Ding et al. (2015) concluded that sine waves can be used to represent a variety of
dynamic loading in situ in laboratory tests, including traffic load, seismic load, and wave
load [23]. The peak displacement of the soil surrounding the metro tunnel induced by the
train vibration load, according to Gong et al. (2005), occurs near 1 Hz and 3 Hz (especially
near 1 Hz) [24]. As a result, the cyclic loading in the test is determined to be a sine wave
with a frequency of 1 Hz.

2. Amplitude of the cyclic loading

From the field measurements of the Guangzhou-Shenzhen railway and the Beijing
circular railway, an empirical formula was made to predict the dynamic stress amplitude
on the railroad subgrade surface [4]:

o4 = 0.26P(1 + 0.004V) 1)

where 04 is the dynamic vertical stress amplitude; P is the axle load of the train; and V is
the train speed. The parameters of 0.26 and 0.004 are the axle load coefficient and speed
coefficient, respectively. The axle load of Hangzhou Metro Line is 8 t under no load and 14 t
under full load, with a train speed of 15 km/h to 80 km/h. The dynamic stress amplitude
range of the soil can be calculated to be 22-48 kPa.

3. The number of cycles and the failure criterion

The number of cycles is set at 10,000. Liquefaction and strain failure criteria are
currently the most common failure criteria for soil cyclic tests. The failure standard for
liquefaction in sand is “initial liquefaction” (uq = '3, where ug4 is the dynamic pore water
pressure, 03 is the confining pressure) [25], but the relatively low permeability of silt causes
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a delay in the pore water pressure measurement. As a result, the strain failure criterion is
used, with the permanent axial strain set to 5%.

2.3. Unloading and Reloading Stress Paths

The sample’s confining pressure is set to 100 kPa, and the consolidation ratio K, (axial
pressure/confining pressure in the consolidation stage) is set to 1.0. The total unloading
capacity is set at 40 kPa to simulate the construction of a shallow foundation pit with
an excavation depth of less than 5 m above the existing tunnel. Unloading intensities of
10 kPa, 20 kPa, and 40 kPa were used to simulate the staged excavation of the foundation
pit. Table 3 contains the test scheme. Groups AU and AD are the undrained and drained
cyclic tests of silt with different fine particle contents. The undrained cyclic tests after the
axial unloading stress paths, which take into account the staged excavation of the above
foundation pit, are referred to as Group BU. The undrained cyclic tests after axial unloading
and the reloading stress path, which consider the construction of the main structure after
excavation, are referred to as Group CU. In each group, different dynamic stress was
applied on the sample until the threshold dynamic stress amplitude was found. The static
shear properties of the soil under unloading and reloading stress paths can be seen in
reference [3].

Table 3. Test scheme.

Number Fine Particle Effective Axial Stress Drainage Conditions
umbe Content/% Paths/kPa (Cyclic Tests)
AU/AD-1 7 100 Undrained /Drained
AU/AD-1 8 100 Undrained /Drained
AU/AD-1 10 100 Undrained /Drained
AU/AD-1 12 100 Undrained /Drained
AU/AD-1 14 100 Undrained /Drained
BU-1 8 100—90—80—70—60 Undrained
BU-2 8 100—80—60 Undrained
BU-3 8 100—60 Undrained
CU-1 8 100—90—80—70—60—100 Undrained
CU-2 8 100—80—60—100 Undrained
CU-3 8 100—60—100 Undrained

2.4. Test Procedures

As shown in Figure 1, the cyclic tests were carried out using the TYD-20 dynamic
triaxial test apparatus, which can apply dynamic load with various waveforms and measure
real-time data including dynamic stress, dynamic strain, and dynamic pore water pressure
of the soil samples under long-term cyclic loading. The following is a list of detailed
test procedures.

Figure 1. TYD-20 dynamic triaxial test apparatus.
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1.  Sample preparation

The required weight of the silt and kaolin clay was calculated based on the parameters
of the soil samples, including a dry density of 1.497 g/cm?3, diameter of 39.1 mm, height of
79.8 mm, and fine particle content. However, the soil sample with 28.91% water content
liquefies easily in the compaction process. The compaction curve was obtained, and the
optimum water content and maximum dry density were 26% and 1.523 g/cm?, respectively.
The dry density of the reconstituted silt under 22% water content was 1.497 g/cm?, which
is close to the dry density of in-situ silt. As a result, the de-aired water was added based on
the controlled water content of 22%. The compaction method was chosen in accordance
with the Specification of Soil Test (GB/T50123-2019) to ensure the uniformity of the soil
sample. The soil samples were compacted into five layers, and the interface between
adjacent layers was scraped to ensure good contact.

2. Saturation

The soil sample was placed in the vacuum pumping cylinder and saturated using
the vacuum saturation method. The negative pressure was maintained at 100 kPa, and
de-aired water was slowly injected from the bottom of the soil sample. After the sample was
completely submerged in water, draining was stopped, and air extraction was continued
for another half hour. The valves were then closed completely.

3. Consolidation

To ensure isotropic consolidation, the confining pressure was set at 100 kPa and the
axial force was set at 120 N. The soil sample was installed in the pressure chamber, and
then water was injected and pore water pressure was zeroed. The confining pressure was
added, and the consolidation was started after the pore water pressure had stabilized and
the check saturation had reached the specified value. The original height and maximum
pore water pressure were recorded, and then the drainage valve was kept open until the
pore water pressure had dropped by more than 95%.

4.  Unloading and reloading

The total axial stress of the soil sample was unloaded in multiple stages according
to the test scheme after initial consolidation. In the reloading stress path, the axial stress
was increased to its initial value. All unloading and reloading rates were set to 1 kPa/min.
The drainage valve was continuously open and the sample was allowed to be completely
consolidated after each stage of unloading and reloading.

5. Cyclic loading

The stress amplitude, number of cycles, data acquisition time interval, and termination
conditions were all set at the start of the cyclic loading process. For the drained tests, the
drainage valve was kept open, and for the undrained tests, it was closed. The pore pressure,
accumulated strain, and other data were automatically recorded during the test, and the
tests were terminated once the failure standard was met.

3. Dynamic Response of the Silt Containing Fine Particles under Conventional
Triaxial Stress Path

3.1. Undrained Cyclic Tests

The development of permanent axial strain versus number of cycles was obtained
through long-term cyclic tests on silt with different fine particle contents, as shown in
Figure 2a—e. Although the failure axial strain was 5%, the upper limit of the strain in the
figures was set to 2% to show the strain development of all loading cycles clearly. The
permanent axial strain curve can be divided into stable and failure modes based on different
dynamic stress amplitudes. The permanent axial strain of the stable mode increases rapidly
in the first few cycles, indicating that the soil sample is significantly compacted. The growth
rate of the accumulated strain gradually decreases as the number of cycles increases, and
the strain tends to a stable value, indicating that the specimen exhibits an elastic response.
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In the early stages of cyclic loading, the permanent axial strain of the failure mode is nearly
identical to that of the stable mode. The structure of the soil samples is damaged when
a certain number of cycles is reached, and the strain increases dramatically in a short
period of time. The permanent axial strain curves change from stable to failure mode as
dynamic stress amplitude increases, with the threshold stress amplitude serving as the
demarcation point. The number of vibration cycles required to reach the failure strain
decreases significantly as the dynamic stress amplitude exceeds the threshold value.
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Figure 2. Permanent axial strain of the saturated silt with different fine particle contents under
undrained conditions. (a) 7% fine particle content; (b) 8% fine particle content; (c) 10% fine particle
content; (d) 12% fine particle content; (e) 14% fine particle content.

Figure 3a,b are the stress paths at o4 = 40 kPa (stable mode) and o4 = 48 kPa (failure
mode) with the fine particle content of 7%. With the increase in the number of cycles, p” and
g remain almost unchanged when oy = 40 kPa. When o4 = 48 kPa, p’ continues to decrease
and g remains stable at the initial stage. As the number of cycles approaches the critical
value, the excess pore water pressure accumulates rapidly, and the sample has difficulty
bearing the cyclic dynamic stress. The lower limit of g increases and the upper limit
decreases, and the soil sample reaches failure condition. Figure 4 shows the accumulative
axial strain development under stable and destructive modes, and the permanent axial
strain is the lower envelope of accumulative axial strain.

Figure 5 shows the influence of different fine particle contents on the threshold dy-
namic stress amplitude and failure cycles at 5% axial strain. The threshold dynamic stress
amplitude and failure cycles both decrease at first, then increase. At 10% fine particle
content, the stress amplitude and number of cycles reach a minimum of 39 kPa and 5495,
respectively, indicating that the silt is more vulnerable to long-term traffic load. When
the fine particle content is less than 10%, the fine particles act as a lubricant and allow the
coarse particles to slide, which causes the threshold dynamic stress amplitude to decrease.
When fine particle content exceeds 10%, its viscous effect becomes noticeable to stabilize
the soil skeleton, resulting in an increase in the threshold dynamic stress amplitude.
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Figure 3. Stress path of the saturated silt with 7% fine particle content. (a) ¢4 = 40 kPa (Stable mode);
(b) o4 = 48 kPa (Failure mode).
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Figure 4. Accumulated strain of the saturated silt with 7% fine particle content. (a) o4 = 40 kPa
(Stable mode); (b) o4 = 48 kPa (Failure mode).
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Figure 5. Threshold dynamic stress amplitude and failure cycles of the silt with different fine
particle contents.

Under undrained conditions, Figure 6 shows the excess pore water pressure (EPWP)
versus the number of cycles of silt with different fine particle contents. The development
of pore water pressure and permanent axial strain is similar and can be divided into two
modes: stable mode and failure mode. When the cyclic stress is less than the threshold value,
the excess pore water pressure rises quickly in the first few loading cycles before becoming
stable as the number of cycles increases. When the cyclic stress exceeds the threshold value,
the excess pore water pressure rises quickly in the early stages of vibration before slowing
down. When the number of cycles approaches the failure cycles, however, the pore water
pressure builds up quickly, causing the sample to be damaged. The accumulation rate
of pore water pressure increases as the dynamic stress amplitude increases, and the soil
sample reaches failure faster.
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Figure 6. Excess pore water pressure of the saturated silt with different fine particle contents under
undrained conditions. (a) 7% fine particle content; (b) 8% fine particle content; (c) 10% fine particle
content; (d) 12% fine particle content; (e) 14% fine particle content.

3.2. Drained Cyclic Tests

Figure 7 depicts the permanent axial strain of the silt with different fine particle con-
tents as a function of the number of cycles in drained conditions. Similar to the undrained
condition, the strain increases rapidly under drained conditions at the beginning of cyclic
loading and then tends to be stable. For some combinations of 4 and fine particle content
of the samples that fail under undrained conditions and respond in a stable mode under
drained conditions, the permanent axial strain under drained conditions is smaller. The
permanent axial strain increases as the dynamic stress amplitude increases, and the sample
is not damaged within 10,000 cycles. Under the long-term train vibration of the metro line
with the frequency near 1 Hz, a good drainage condition of the surrounding silt layer can
effectively prevent deformation accumulation and liquefaction.

Figure 8 shows the relationship between the permanent axial strain at 10,000 cycles and
the dynamic stress amplitude under different fine particle contents and drainage conditions,
in which the dynamic stress amplitude that causes the failure of the sample (5% permanent
strain) under undrained conditions is not considered. The permanent axial strain increases
with the increase in dynamic stress amplitude. The growth rate of permanent axial strain
is slow when the dynamic stress amplitude is small. The strain growth rate increases
significantly in both drained and undrained conditions when the dynamic stress amplitude
reaches the threshold value. The permanent axial strain is large at small dynamic stress
amplitude when the fine particle content is 10%, indicating that silt’s ability to resist cyclic
loading is weakened. The permanent axial strain under drained conditions is greater than
that under undrained conditions for the same fine particle content because the excess pore
pressure is dissipated in time under drained conditions, which causes the consolidation
deformation of the soil samples. At the same time, because the permeability of the sample
is higher when the fine particle content is low, the difference between the undrained and
drained permanent axial strain is more noticeable.
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Figure 7. Permanent axial strain of the saturated silt with different fine particle contents under
drained conditions. (a) 7% fine particle content; (b) 8% fine particle content; (c) 10% fine particle
content; (d) 12% fine particle content; (e) 14% fine particle content.
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4. Dynamic Response of the Silt Containing Fine Particles under Unloading
Stress Paths

4.1. Pemanent Axial Strain under Different Unloading Intensities

The curves of permanent axial strain versus number of cycles of silt with 8% clay con-
tent for the unloading and unloading-reloading stress paths are shown in Figures 9 and 10,
respectively. As shown in Figure 9, the silt produces accumulated tensile deformation and
tensile failure along the unloading path at various unloading intensities. When the dynamic
stress amplitude is less than the threshold value, the permanent strain rises quickly in the
first few cycles before stabilizing. The permanent strain increases rapidly, and liquefaction
failure occurs when the dynamic stress amplitude exceeds the threshold value and the
number of cycles increases to the critical value. As shown in Figure 10, the unloading and
reloading path accumulates compression strain, but the threshold dynamic stress amplitude
decreases when compared to the conventional triaxial stress path (shown in Figure 2b),
implying that the unloading and reloading process disturbs the soil sample.
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Figure 9. Permanent axial strain under unloading stress path. (a) BU—1 (unloading intensity = 10 kPa);
(b) BU-2 (unloading intensity = 20 kPa); (c) BU-3 (unloading intensity = 40 kPa).
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intensity = 10 kPa); (b) CU—2 (unloading intensity = 20 kPa); (c) CU—3 (unloading intensity = 40 kPa).

Under the unloading and unloading-reloading stress paths, Figure 11 shows the varia-
tion in threshold dynamic stress amplitude and failure cycles versus unloading intensities.
Under a conventional triaxial path, the threshold dynamic stress amplitude and failure
cycles of silt with 8% fine particle content are 44 kPa and 7577, respectively, according to
Figure 5. Because the axial stress of the soil samples is reduced by 40 kPa under the unload-
ing path, the threshold dynamic stress amplitude and failure cycles decrease significantly.
The silt is disturbed during the unloading-reloading path, resulting in a small decrease in
the threshold dynamic stress amplitude and failure cycles. The threshold dynamic stress
amplitude of soil samples decreases slightly as the unloading intensity increases.
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Figure 11. Threshold dynamic stress amplitude and failure cycles under different stress paths.

4.2. Excess Pore Water Pressure under Different Unloading Intensities

Excess pore water pressure of silt with 8% fine particle content under conventional
triaxial, unloading, and unloading-reloading paths is shown in Figures 6b, 12 and 13. When
the dynamic stress amplitude is less than the threshold value, the excess pore water pressure
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rises quickly at first, then stabilizes as the number of cycles increases. The dynamic pore
pressure rises rapidly to the confining pressure level when the dynamic stress amplitude
exceeds the threshold value and the number of cycles is close to the critical value, resulting
in liquefaction failure.
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Figure 13. Excess pore water pressure under unloading and reloading stress path. (a) CU-1
(unloading intensity = 10 kPa); (b) CU-2 (unloading intensity = 20 kPa); (c) CU-3 (unloading
intensity = 40 kPa).

5. Conclusions

In order to evaluate the long-term deformation of the silt around the existing tunnel
under the unloading of the above foundation pit and the cyclic loading of metro trains,
a series of dynamic triaxial tests using the silt with different fine particle content and
unloading intensities were carried out. The following conclusions are drawn:

1.  Incyclic loading tests, there is a dynamic stress amplitude threshold. The permanent
axial strain and excess pore water pressure of the silt tend to be stable as the number of
cycles increases when the dynamic stress amplitude is less than this value. When the
dynamic stress amplitude exceeds this value, the silt will liquefy and fail as the number
of cycles increases. With increasing fine particle content, the threshold dynamic stress
and failure cycles in silt decrease and then increase, reaching a minimum of 39 kPa
and 5495, respectively, at 10% fine particle content.

2. For the same fine particle content, the permanent axial strain under drained conditions
is greater than that under undrained conditions (when the sample does not fail at
10,000 cycles) because the excess pore pressure under drained conditions is dissipated
in time, resulting in the consolidation deformation of soil samples. At the same time,
due to higher permeability and lower fine particles of silt, the difference between
undrained and drained permanent axial strain is more significant.
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3. The threshold dynamic stress amplitude and failure cycles of the silt are significantly
reduced by axial unloading. The silt is disturbed during the unloading and reloading
path, resulting in a slight reduction in the critical dynamic stress amplitude and failure
period. The dynamic stress threshold amplitude of a soil sample decreases slightly
as unloading strength increases. As a result, the impact of fine particle content and
foundation pit unloading on the dynamic characteristics of silt under long-term cyclic
loading should be considered.
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