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On the basis of the highway subgrade construction of North Hobson Salt Lake
mining area in Qinghai Province, the soil samples of high saline saturated sand
adjacent to the salt lake were remolded, and four types of saturated sand
containing 0%, 10%, 20%, and 30% salt were configured respectively, so as to
explore the liquefaction effect of saline saturated sand under seismic load. After
the indoor geotechnical test, the soil samples were reshaped, The liquefaction test
of saline saturated sandwas carried out by using theGDS dynamic triaxial device to
simulate seismic load to investigate the liquefaction mechanism of saturated sand
under different salt contents and verify the liquefaction discrimination standard,
then based on the data of dynamic elastic modulus, dynamic shear modulus,
damping ratio coefficient, and soil density obtained from previous soil tests and
dynamic triaxial tests, four subgrade models with different salt contents were
constructed using ANSYS simulation software according to actual engineering,
and the settlement and deformation of the subgrade were analyzed by inputting
EL-concrete seismic waves. The results show that the maximum value of axial
stress of saturated sand decreases with the increase of salt content; the load
vibration times of saline saturated sand reaching the initial liquefaction state are
more than that of common saturated sand; the higher the salt content, the weaker
the liquefaction resistance of saturated sand; when the pore pressure ratio
coefficient reaches 1, the axial double amplitude strain εd of the soil also
reaches 5%, and the soil reaches the initial liquefaction state; the area of shear
stress and strain hysteresis curve increases with vibration load, and the elastic
modulus decreases gradually; the shear dilation and compaction effects occur in
each hysteresis cycle, and the former is greater than the latter, the research results
have guiding significance for similar studies in highly saline saturated sand areas.
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1 Introduction

Saline soil is distributed throughout the world, with a total area of approximately 8.97 million
km2, while the area of saline soil in China is approximately 0.2million km2 (Ren et al., 2016; Zhang
et al., 2018), which is relatively large in Asia. The geological and geomorphological conditions of
saline soil regions with high salt content are relatively complex. Generally, the elevation is high, the
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land surface is suffused with salt all year round, the groundwater is
abundant and accumulates to form lakes or salt lakes, resulting in the
perennial saturated state of high-salt sand near the salt lakes (Li et al.,
2020). When it exists in an active zone with high seismic intensity, the
saturated sand is prone to liquefaction due to the reciprocatingmotion of
seismic loads (Mele, 2022). Moreover, with the increase of major traffic
engineering projects in salt lake or mining areas in various countries
along the “the Belt and Road” in recent years, vehicle loads will also lead
to the liquefaction of salt saturated sand under the reciprocating action
(Rollins et al., 2022; Ni et al., 2022; Wakamatsu et al., 2017), causing
serious engineering disasters such as subgrade cracking, settlement and
slope collapse (Cook et al., 2021). Therefore, it is urgent to study the
liquefaction characteristics of saline saturated sand. Based on the newly-
built G3011 Liuyuan-Golmud Expressway, this article focuses on the
construction of highway subgrades in the saline soil area of the North
Hulsan Lake lacustrine plain in Qinghai Province. Samples of saturated
sand with high salt content were collected and reshaped through indoor
geotechnical tests, and indoor liquefaction tests and subgrade stability
simulation studies were conducted on the samples. The design speed of
this highway is 80 km/h, and the main line of the project is 117 km long.
Some sections of the highway are adjacent to lakes, and there is a large
amount of high salt saturated sand and a certain thickness of salt crust
and rock salt layer underneath the subgrade. The salt content mass
fraction can reach up to 35%, as shown in Figure 1. Furthermore, the
region is located in a seismic intensity zone of 8°, making it an ideal area
for high salt saturated sand to produce liquefaction effects. Hence,
exploring the liquefaction characteristics of high salt saturated sand
in this region can provide scientific guidance for railway and highway
subgrade construction and underground pipeline laying in salt saturated
sand regions around the world, and offer theoretical support for
subsequent research on liquefaction collapse mechanisms and disaster
prevention and control.

Back in 1968, scholar Casagrade (Casagrande, 1935) observed the
shear compaction and shear dilation effects of saturated sand based on
indoor shear tests of cohesionless soil. In order to explain the
phenomenon of sand liquefaction, he proposed using the time-history
change curve of porosity to determine the various stages of sand
liquefaction. Later Seed (1979); Lirer and Mele (2019); Wang et al.
(2020) pioneeringly adopted indoor dynamic triaxial tests to simulate

earthquake so as to better study the liquefaction characteristics of sand,
and achieved satisfying results. With the development of triaxial testing
and the maturity of testing instruments, numerous scholars (Seed and
Lee, 1966; Castro, 1975; Kramer and Bolton, 1988) used dynamic triaxial
instruments to further study the liquefaction characteristics of saturated
sand based on the research of Seed. Maslov (1959) in Balkan proposed
the “dynamic failure permeability theory of saturated sand stability” and
the concept of critical acceleration of sand vibration after conducting
indoor sand vibration compaction experiments. Huang (1959) also
pointed out through dynamic triaxial indoor tests that the actual
stress conditions measured by Moslov liquefaction theory cannot
reach the actual stress values. Chen et al. (2016) used a new type of
conductive material and conducted experiments on saturated sand
foundation based on the electrolytic desaturation method, improving
the liquefaction resistance of saturated sand. FuHaiqing andYuan (2018)
exploited a self-developed dynamic system to study the liquefaction law
of saturated sand inHarbin under different load directions after sampling
and reshaping. Wei et al. (2019) adopted two-dimensional discrete
element numerical simulation software to investigate the influence of
different factors on the macroscopic deformation law of saturated sand,
and confirmed the correlation between shear deformation of saturated
sand after liquefaction and sand material. Xu et al. (2019) carried out
large-scale shaking table model tests to study the changes of various
mechanical properties of sand liquefaction in clay layers, saturated sand
layers, and dense sand layers under seismic excitation, and found that
under small seismic excitation, the growth rate of excess pore pressure
ratiowas slow, and the closer it was to the upper layer of the soil, themore
significant the dissipation of pore water pressure was.

The existing research on liquefaction tests is based on ordinary
sand, silty soil, loess, and other nonspecific soil masses, while the
liquefaction effect of saline saturated sand is rarely studied. Due to
the particularity and complexity of saline sand, studies in recent
years mainly focus on its salt expansion and settlement
characteristics, while ignoring its liquefaction characteristics.
Therefore, based on previous liquefaction tests and research
results of various types of sand, this paper starts from different
saline conditions, employs dynamic triaxial apparatus to simulate
dynamic load to design indoor tests to study the liquefaction and
mechanical properties of saturated sand with different salt contents.

FIGURE 1
Profile of saline saturated sand area.
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2 Mechanism analysis

2.1 Liquefaction mechanism of saline
saturated sand

Saturated sand usually has high water content and small pore
volume. When an earthquake occurs, the tiny particles of sand in
saturated soil move with the load and gradually lose the original
cohesion among soil particles, resulting in the development of dense
soil particles and resistance between the pore water pressure and the soil
particles. The sand particles transfer the energy generated by vibration
to the pore water, making the pore water pressure gradually rise.
However, due to the influence of the engineering characteristics of
sand, the pore water in the soil cannot be discharged quickly and timely.
The pore water pressure increases gradually, which restricts the effective
stress of soil movement, resulting in the gradual decrease of the effective
stress among soil particles. Even when the accumulated pore water
pressure is the same as the initial effective consolidation stress, the
particles in the soil cannotmove freely, thus the effective stress gradually
approaches zero. At this time, the particles in the sand are suspended
and have no capacity to bear any stress; the soil structure is destroyed,
gradually transforming from elastic state to elastic-plastic state, and then
losing its original bearing capacity and shear strength (Liu et al., 1993),
eventually entering a liquefaction state.

2.2 Criteria for liquefaction of saline
saturated sand

According to the current Specification of Seismic Design for
Highway Engineering (JTG B02-2013), the determination of
whether saturated sand can be liquefied is roughly based on four
aspects: geological conditions, clay content, groundwater, and upper
soil layer thickness. However, when judging the liquefaction of sand,
these specifications do not consider the soil layer state and the
characteristics of special soils, so the liquefaction problem cannot be
discussed in a reasonable and comprehensive way. For the
undrained test of saline saturated sand, the liquefaction criteria
are not clearly defined due to the particularity of its soil mass.
Therefore, in order to accurately judge the liquefaction
characteristics of saline saturated sand, the liquefaction criteria
are proposed based on the liquefaction criteria of ordinary
saturated sand, and the applicability and accuracy of the criteria
are verified according to the dynamic triaxial test.

2.2.1 Determination criteria for excess pore
pressure ratio

When the lateral pressure of soil is equal to the excess pore water
pressure (that is, the standard ratio of excess pore water pressure ud/
σ3=1), initial liquefaction of saline saturated sand occurs.

2.2.2 Criteria for structural strain failure
According to the previous criteria for strain liquefaction of

saturated sand, it is specified that when two-way amplitude εd of
the round-trip shear strain reaches 5%, the soil begins to liquefy.

Based on the above criteria, the initial pore pressure ud of saline
saturated sand is equal to the applied confining pressure is called the initial
liquefaction of saline saturated sand, but it is only one of the necessary

conditions indicating the instability of the structure. Whether the soil is
actually liquefied or not depends on the overall deformation degree of the
soil. Therefore, two determination criteria are simultaneously used: the
saline saturated sand begins to liquefy when excess pore pressure ratio ud/
σ3 = 1 and the bidirectional strain amplitude (εd) reaches 5%.

3 Liquefaction test

3.1 Configuration of dynamic triaxial soil
samples

According to the geological survey report and preliminary soluble
salt detection test, the salt content of section DK35+820~DK36+860 is
super chlorine saline soil, with a groundwater depth of 2.1 m. The
engineering geological characteristics of the test section are obvious.
Hence, samples were taken from the saturated fine sand below the soil
layer in this section, the salt crust layer on the surface was removed, and
cutting-ring method was adopted to carry out on-site sampling with a
close spacing arrangement during the rainy season in summer. From
the surface downwards, samples were taken layer by layer from 0 to
0.05, 0.05–0.25, 0.25–0.5, 0.5–0.75, 0.75–1.0, 1.0–1.5, and 1.5–2.0 m.
The average salt content is calculated based on depth percentages (2.5%,
10%, 12.5%, 12.5%, 12.5%, 25%, and 25%). When encountering deep
saline soil, it is necessary to increase the sampling depth, and sampling
was performed every 0.5 m below 1 m. The sampling depth should be
controlled above the groundwater level. Indoor soil tests were conductd
on the samples, and the measured soluble salt content of the soil
samples is between 14.03% and 30.43%, with an optimal moisture
content of 13.7%, a saturatedmoisture content of 24%, and amaximum
dry density of 2.274 g/cm3. Particle screening tests were carried out on
soil samples, and the non-uniformity coefficient Cu of undisturbed soil
is 4.33.

In order to better investigate the correlation between the
increase in salt content and the liquefaction effect of saturated
sand, non-saline saturated sand, 10%, 20%, and 30% high-saline
saturated sand were configured according to the range of soluble salt
content measured by sampling. The preparation step is mainly
reshaping the soil sample: removing the original soil sample from
the sealed bag and conducting natural air drying for 1–2 days;
grinding the air dried soil sample, passing it through a 1 mm
sieve, and dividing it into two parts, each weighing 2 kg; washing
one part with pure water for salt treatment, and measuring its salt
content after repeated cleaning until it reaches the non-saline state
(the salt content error is within 0.2%); The other part was salted
according to the mass fraction of 10%, 20%, and 30% soluble salt
content. As the soil sample mainly contains chloride salts,
anhydrous water NaCl was added to the undisturbed soil with
insufficient salt content. Finally, the soil sample was saturated to
a moisture content of about 24%. After wetting for 24 h, a dynamic
triaxial sample with a diameter of 39.1 mm and a height of 80 mm
was made to study its liquefaction law, as shown in Figure 2.

3.2 Dynamic triaxial test principle

The dynamic triaxial test instrument is mainly composed of
three axes, confining chamber and data acquisition system (Lee and
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Albaisa, 1974; Li and Huang, 2017), as shown in Table 1. The
prepared soil samples were installed on the vibration table according
to the test steps, as shown in Figures 3, 4. Since the reshaped
undisturbed soil sample did not reach consolidation saturation,
to keep the saturation consistent with the undisturbed soil
sample, the soil samples were first consolidated and saturated, so
that the pore pressure coefficient B value was greater than 0.95.
Then, the instrument applied confining pressure and vibration load
to the soil samples according to the specified parameters, and
obtained data through the computer acquisition system for
processing. The principle of data processing is as follows:

The back pressure index in the test refers to the change of pore
water volume, and the axial stress of saturated sand is:

σa � F

A
+ σr (1)

The effective axial stress σΔ is:

σΔ � σa − μw (2)
Axial strain εa:

εa � ΔH
H0

( )× 100% (3)

Radial strain εr:

εr � −D +D0

D0
× 100% (4)

Where H0 represents the initial height, A denotes the current
area, D0 symbolizes the current diameter, σr is the confining pressure
value, µw means the pore water pressure, σa is the axial stress, σΔ is
the effective axial stress; εa is the axial strain; εr is the radial strain.

3.3 Principle of excess static pore pressure
ratio

In order to better simulate the actual engineering diseases, the
consolidated undrained condition is adopted in this dynamic triaxial
test. Because the particles in the sand move back and forth with the
vibration load, themovement among particles will generate force which
is transferred to the water in the void. The undrained condition will

make the water in the soil unable to be discharged in time, resulting in
the accumulation of pore water pressure and the reduction of effective
stress in the soil, and the energy stored in the sand is consequently
released by elastic deformation. Thus, the relationship between volume
strain and pore water pressure can be expressed by the volume
compatibility condition, namely, the net volume change of sand
structure is equal to the change of pore volume:

Δune
kw

� Δεvd − Δu
Er

(5)

Where kw is the bulk modulus of pore water, Ne represents the
porosity, △u denotes the increase of pore water pressure, △εvd
stands for the sand soil strain, Er symbolizes the tangent modulus of
one-dimensional unloading curve of sand.

If the volume change of pore water is ignored:

Δεvd � Δu
Er

(6)

For partial drainage process, the dissipation of pore water
pressure caused by pore water flow should also be considered,
and the pore water pressure is:

∂u
∂t

� �E
∂
∂x

kx∂u
γw∂x

( ) + ∂
∂y

ky∂u
γw∂y

( ) + ∂
∂z

kz∂u
γw∂z

( )[ ] + �E
∂εvd
∂t

(7)

Where kx, ky, kZ are permeability coefficients, γw is the unit
weight of water, �E is the tangent modulus of sand.

4 Date analysis

The four groups of soil samples prepared in the early stage were set at
room temperature to make the water fully integrated, and then the non-
saline saturated sand and three groups of saturated sandwith different salt
contents were subjected to triaxial loading test. The dynamic load was
based on the axial cyclic load, the Geocontrol Waveform sine wave was
used to load from 0.3 kN, and the damage load of each soil sample is
gradually increased by 0.2 kN each time until reaching the failure load.
The final failure load and other parameters are shown in Table 2:

It can be seen from Table 2 that the stiffness estimation and failure
load of saline saturated sand are different from those of non-saline
saturated sand. The stiffness estimation of non-saline saturated sand is
approximately 10 kN/mm, while that of saline saturated sand with salt
content ranging from 10% to 30% is greater than non-saline saturated
sand. The failure load amplitude of saline saturated sand reaches 2.5 kN,
2.5 times that of non-saline saturated sand. The reason is that the
strength and stiffness of the saline saturated sand have been greatly
improved by the high-strength saline crystal particles formed by the
combination of water and salt driven by chlorine salt in the saline
saturated sand, so the liquefaction load amplitude is increased to
2.5 times of the original value.

4.1 Analysis of axial double-amplitude stress
and strain time-history curve

To study the liquefaction effect of saturated sand with different
salt contents, the test data were processed and analyzed. In each

FIGURE 2
Soil samples for dynamic triaxial test.
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small deformation range, the point with the largest deformation was
selected to draw the curve, and the stress-strain characteristics of
saturated sand with different salt contents were analyzed and plotted
in Figure 5.

Figure 5A shows that the axial strain of the four types of sand
increases with the number of times of dynamic load vibration.
According to the liquefaction criteria of saturated sand, when the
double-amplitude axial strain εd of the sample reaches 5%, the load
vibration times of the four types of saturated sand are 200 times,
450 times, 350 times, and 300 times, respectively, while saline
saturated sand requires more vibration times to achieve
liquefaction. Comparing the influence of salt content, it is
revealed that saturated sand with 10% salt content requires the
most load vibration times to reach liquefaction, while saturated sand
with 30% salt content demands the least vibration times, proving
that the liquefaction resistance of the sand decreases with the
increase of salt content. The reason is that the axial stress ofTA
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FIGURE 3
GDS dynamic triaxial apparatus.

FIGURE 4
Sample installation diagram.
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ordinary non-saline saturated sand is relatively small when reaching
liquefaction, while the combination of salt and water inside the
saline saturated sand with high salt content will form salt crystals,
greatly improving the strength and stiffness of the sample, thus
enhancing its liquefaction resistance.

It can be observed from Figure 5B that as the number of cycles
under dynamic load increases, the axial stress curve of the sample
is divided into an ascending stage, a stable stage, and a failure
stage. The initial stress change during the application of dynamic
loads is similar to the rising stage of elasticity. Saline saturated
sand with 10% salt content exhibits the longest ascending stage,
and its axial stress enters a stable stage when the number of
vibration reaches around 450 times, with a maximum axial stress
of about 800 kPa. Whereas, the stress growth rate of non-saline
saturated sand is the fastest, with a maximum axial stress of about
300 kPa. As the salt content increases, the maximum axial stress
borne by the sample actually decreases, implying that the
liquefaction resistance decreases with the increase of salt
content. The reason is that with the increase of salt content,
both liquefaction and settlement occur under the dynamic load.

The degree of settlement increases with salt content, so the
increase of salt content in saturated sand leads to a decrease
in liquefaction resistance.

4.2 Analysis of excess pore pressure ratio
curve

Pore pressure ratio refers to the ratio of lateral pressure of soil to
excess pore water pressure (Zhang et al., 2006; Gao et al., 2010; Pan
and Yang, 2018). The liquefaction criterion of ordinary saturated
sand is that when the pore pressure ratio reaches 1.0, the soil reaches
liquefaction. In the dynamic triaxial test, pore water pressure is an
index reflecting the vibration strength and deformation law of the
soil under dynamic load. According to the formula obtained in the
previous stage, the ratio of the excess static pore pressure obtained
from the test to the lateral pressure (confining pressure) of the soil is
plotted in Figure 6 to show the relationship between the excess static
pore pressure ratio and the vibration times of saturated sand with
different salt contents.

TABLE 2 Calibration of dynamic triaxial parameters of different soil samples.

Samples Frequency
(Hz)

Load
amplitude (kN)

Confining
pressure (kPa)

Pore pressure
coefficient B value

Rate of water
content (%)

Stiffness
estimation
(kN/mm)

Non-saline
saturated sand

8 1 100 0.963 24.1 10

10% salt saturated
sand

8 2.5 100 0.954 24.0 15

20% salt saturated
sand

8 2.5 100 0.966 23.9 15

30% salt saturated
sand

8 2.5 100 0.957 24.1 15

FIGURE 5
Variation curves of axial double amplitude stress and strain with load vibration times of saturated sand with different salt contents. (A) Strain time
history curve. (B) Stress time history curve.
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Analysis of Figures 6A–D reveals that the excess pore pressure
ratio of the four samples rises with the increase of vibration times, and
the variation law of pore pressure ratio in each vibration cycle is
manifested as a point floating up and down, which is the result of the
reciprocating action of the shaking table. The reciprocating vibration
of the load causes the shear dilation and compaction effects of
saturated sand, and the pore pressure in the sand will increase and
dissipate with the expansion and compaction of the soil.

Analysis of four soil samples shows that the pore pressure ratio
changes slightly at the initial stage of vibration. When it reaches 1, its
change rate increases significantly. Compared with Figure 5, it is found
that the axial double-amplitude deformation of soil mass εd also reaches
5%, proving that the saturated sand has reached the initial liquefaction.
Under the reciprocating action of the vibration load, the energy
generated by the soil particles in the sand and the water pressure in
the pores continuously accumulates until it equals the lateral pressure of
the soil, that is, when the excess pore pressure ratio y is equal to 1 for the
first time, the soil particles are suspended and lose their original bearing
capacity, and when the effective stress in the soil first becomes zero, the

sample has reached the initial liquefaction state. The maximum number
of vibrations required for 10% saline saturated sand to reach liquefaction
is 450 times, while that for non-saline saturated sand is the least, which is
consistent with the conclusion drawn from Figure 5, testifying that 10%
saline saturated sand has stronger liquefaction resistance. However,
when the salt content exceeds 10%, its liquefaction resistance gradually
decreases with the increase of salt content.

4.3 Analysis of dynamic shear stress-strain
hysteresis curve

According to the principle of soil mechanics, the law curves of
dynamic shear stress τ and dynamic shear strain γd of soil are
cumulative, hysteretic and nonlinear. Through dynamic triaxial test,
the shear stress-strain hysteresis curves of the four groups of samples
are shown in Figure 7:

It is illustrated by Figures 7A–D that at the initial stage of load
vibration, the shear stress and strain vary within a small range, and the

FIGURE 6
Relationship between excess pore pressure ratio and vibration times of saturated sand with different salt contents. (A)Non-saline saturated sand. (B)
Saturated sand with 10% salt. (C) Saturated sand with 20% salt. (D) Saturated sand with 30% salt.
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shape of hysteresis loop is tight.With the reciprocating action of dynamic
load, the area of hysteresis curve gradually increases, and the shear stress-
strain of soil mass also increases. Moreover, the hysteresis curve shows
periodic changes in the positive and negative ranges, which is due to the
shear dilation and compaction effects after the liquefaction of soil under
the reciprocating vibration load. The two alternating effects makes the

shear strain value γd of the sample fluctuate within the positive and
negative ranges. According to the definition of elastic modulus, the slope
of the line at the reverse point represents the magnitude of the shear
elastic modulus. Before the soil liquefaction, the slope of the line is very
large, close to 1, proving that the elastic modulus of the soil is the
maximum at this time, and the deformation is still in the elastic stage.

FIGURE 7
Shear stress-strain hysteresis curves of saturated sandwith different salt contents. (A)Non-saline saturated sand. (B) Saturated sandwith 10% salt. (C)
Saturated sand with 20% salt. (D) Saturated sand with 30% salt.
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With the reduction of loading frequency, the slope of the line becomes
smaller, and the elastic modulus also decreases, thus the sample cannot
bear the impact of the load and starts to liquefy, during which the
dynamic shear elastic modulus of the soil changes significantly, and the
soil mass also transforms from elastic deformation to elastic-plastic
deformation. When the soil mass reaches the initial liquefaction, plastic
deformation begins and the hysteresis curve is no longer symmetrical, the
shear dilation effect surpasses the shear compaction effect, the soil mass
deformation increases and the strain is cumulative. This is because after
the initial liquefaction, the soil mass develops towards complete
liquefaction, and part of the soil mass becomes plastic, which cannot
be restored under the reciprocating vibration load, resulting in a rule that
the shear dilation is greater than the shear compaction in each vibration
period.

4.4 Analysis of dynamic shear modulus and
damping ratio characteristics of saline
saturated sand

Currently, the hyperbolic model proposed by Hardin and
Drnevich, among others, is widely applied to express the
nonlinear stress-strain relationship of soil.

(1) Hyperbolic model (H-D model)

The nonlinear stress-strain backbone curve of soil can be
approximated by a hyperbolic function. Hardin and Drnevich
proposed a formula for predicting the nonlinear stress-strain
backbone curve of soil based on the results of cyclic simple shear
tests and resonant column tests:

τ

τ max
� γ/γr
1 + γ/γr � H r( ) (8)

The attenuation curve of dynamic shear modulus of soil can be
given by the following equation (H-D model):

G

G max
� 1
1 + γ/γr � 1−H r( ) (9)

Where λ is the damping ratio, G means the shear modulus, λmax

represents the maximum damping ratio of soil, λ = λmax when G=0,
γ denotes the shear strain.

Based on the above formula, the hyperbolic model (H-D model)
was selected to analyze the stress-strain hysteresis loop curve, and
the curves reflecting the dynamic shear modulus Gd and damping
ratio D changing with the shear strain γd are shown in Figures 8, 9.

It can be seen from Figures 8, 9 that the dynamic shear modulus of
saturated sand with different salt contents decreases with the increase of
the shear strain, whereas the damping ratio increases. For four types of
saturated sand samples, when the dynamic shear strain is less than
0.01%, the dynamic shear modulus slowly decreases with the shear
strain, and the four types of samples are basically in the elastic
deformation stage. This is because the salt crystals formed by water
and salt combine more fully after back pressure saturation, leading to
the greater density of saline saturated sand than that of non-saline
saturated sand, while the magnitude of density determines the
magnitude of dynamic shear modulus. Therefore, the initial

dynamic shear modulus of saline saturated sand is relatively large.
When the dynamic shear strain is 0.01%–0.1%, the change of dynamic
shear modulus enters a rapid attenuation zone. When the dynamic
shear strain value is greater than 5%, the change trend of dynamic shear
modulus gradually flattens, and its value approaches 0.

Comparing four types of soil samples, the initial value of dynamic
shear modulus for saturated sand with 10% salt content reaches a
maximum of 70MPa, with a minimum damping ratio of 0.3. The
initial value of shear modulus for non-saline saturated sand reaches a
minimum of 15 MPa, with a maximum damping ratio of 0.55; Under
the same strain, the damping ratio of non-saline saturated sand >30%
salt saturated sand>20% salt saturated soil>10% salt saturated sand.
This is due to the high strength of saline saturated sand and its
maximum shear resistance. But as the salt content in saturated sand

FIGURE 8
Relationship between dynamic shear modulus and dynamic
shear strain of saturated sand with different salt contents.

FIGURE 9
Relationship between damping ratio and dynamic shear strain of
saturated sand with different salt contents.
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increases, the initial value of shear elastic modulus begins to decrease,
indicating that the shear modulus of saline saturated sand is inversely
proportional to the salt content. This is because the higher the salt
content in the soil, the more its settlement characteristics begin to take
effect under the action of moisture and vibration loads. Settlement
causes the volume of the soil to increase, the density to reduce, and the
shear modulus and stiffness to decrease, making it easier for stress in
the soil to propagate. When the dynamic shear modulus value
approaches 0, it indicates that the saturated sand has reached
liquefaction, and the soil sample begins to undergo alternating
shear dilation and compaction, even resulting in flow-slip
deformation. The shear modulus value at this time is very small,
and the soil has almost no bearing capacity. In practical engineering, it
will cause inestimable severe consequences to large buildings, railway
subgrades and other structures.

5 Numerical simulation

5.1 Construction of subgrade model

According to the actual construction situation of the subgrade
project in the lacustrine plain area of North Hulsan Lake, the
corresponding three-dimensional model is established with the
aid of ANSYS. The width, slope and height of the subgrade is
8 m, 1:1.5 and 3 m, respectively. The 0.3 m salt crust layer on the
ground surface is removed, and the whole project is constructed with
non-saline sand. The width of the bottom layer of the subgrade bed
is calculated as 17 m according to the slope ratio. The filling material
below the subgrade is compacted and treated with saline saturated
sand with different salt contents, with a thickness of 10 m. The
subgrade slope extends 11 m to both sides, which means the
calculated width of the entire subgrade model is 34 m, and the
length along the longitudinal direction of the subgrade is 50 m. The
structure is divided into two parts. The upper structure is a
non-saline saturated sand subgrade, and the lower structure is a
saline saturated sand foundation. A comparative analysis was
conducted on the four types of subgrades constructed with saline
saturated sand with 0%, 10%, 20% and 30% salt content.

5.2 Subgrade gridding and test parameters
input

The stress-strain curves obtained from the previous indoor soil
tests and dynamic triaxial tests were used to acquire various test
parameters for different soil masses, as shown in Table 3, and input
them into the subgrade model. The subgrade base was constrained
and applied with dynamic loads, and structural time-history
dynamic response analysis was conducted. The EL-concrete
three-dimensional wave was selected as the seismic load input.
As the area is located in a seismic intensity zone of 8°, thus the
duration of earthquake is 15 s, the time step is 0.02 s, the time
loading step is 750, and the sine wave acceleration of the subgrade is
input as 0.2 g. During seismic liquefaction, the maximum seismic
shear wave value is considered in the dynamic calculation, and the
vertical displacement of the subgrade is the key factor affecting the
track regularity. Therefore, the main analysis is to simulate the

lateral stress changes and vertical settlement of the subgrade under
dynamic loads. (Liu et al., 2007; Sun et al., 2013; Liu et al., 2020).
Assuming that the material in the model is uniform, an ideal elastic
model is used for simulation, and the yield criterion satisfies the
Mohr Coulomb criterion (Chan et al., 1990). It is worth noting that
this simulation has its limitations, while the subgrade material
cannot be uniform and ideally elastic in practical engineering,
thus the relevant simulation data can only be used as a reference
to analyze the stress distribution under seismic loads.

5.3 Analysis of subgrade settlement under
seismic loads

By analyzing the vertical displacement of the subgrade under seismic
loading, it is found that the maximum displacement of the subgrade is
located at the contact point between the bottom layer of the subgrade
and the surface layer of saturated sand. Four different subgrade models
were analyzed, and the maximum vertical displacement distribution
under seismic load was compared, as shown in Figure 10.

Based on the analysis of the four different subgrade models in
Figures 10A–D, it is found that the maximum vertical settlement value
of the non-saline saturated sand subgrade is 74.9 mm, that of the 10%
salt saturated sand subgrade is 10.1 mm, 10.8 mm for 20% salt saturated
sand subgrade and 30.2 mm for 30% salt saturated sand subgrade. By
comparison, it is obvious that the displacement settlement of the saline
saturated sand subgrade is much smaller than that of the ordinary
saturated sand subgrade, indicating that saline saturated sand subgrade
has better anti-seismic capacity and stronger liquefaction resistance
than ordinary saturated sand. Furthermore, the post-earthquake
settlement value of the subgrade gradually increases with the
increase of salt content in saturated sand, indicating that the
increase in salt content leads to a larger post-earthquake settlement
of the subgrade, which proves that the liquefaction resistance is optimal
when the salt content in sand is within a certain range, as the salt
content increases, the liquefaction resistance gradually weakens.

5.4 Analysis of subgrade stress under seismic
load

Since the liquefaction of saturated sand mainly involves the
shear dilation and compaction effects, whether the shear stress in the
subgrade reaches the shear stress threshold during soil liquefaction
determines whether the soil reaches liquefaction. Therefore, the
X-direction stress of four subgrade models was analyzed and
compared, and the point with the greatest stress variation was
selected. The maximum stress change data calculated in ANSYS
software is output and plotted in Figure 11.

It can be seen from Figure 11 that the stress distribution in the X
direction is a fluctuating curve, which is the result of the cyclic action
of seismic loads. The maximum stress under the four subgrades is 70,
220, 130, and 110 kPa, respectively. As the duration of seismic load
vibration increases, the stress and amplitude of the four curves
gradually decrease, and finally approach zero. Meanwhile, as the
salt content increases, the stress of the saline saturated sand
subgrades gradually decreases, but is higher than that of the non-
saline saturated sand subgrade. This is because the salt in saline
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saturated sand combines with water to form salt crystals, enhancing
the stiffness of the subgrade and weakening the liquefaction effect.
However, as the salt content in saline saturated sand increases, the

joint effect of too much water and seismic load will lead to saline sand
settlement, thus the effective stress of the subgrade gradually decreases
with the increase of salt content.

TABLE 3 Basic parameters of different soil masses.

Soil masses Maximum dynamic
modulus of elasticity E (MPa)

Maximum dynamic shear
modulus G (MPa)

Maximum damping
ratio coefficient D

Poisson’s
ratio ν

density ρ
(g/cm3)

Non-saline
saturated sand

70 15 0.55 0.3 1.831

Saturated sand with
10% salt

160 70 0.29 0.3 2.234

Saturated sand with
20% salt

130 45 0.35 0.3 2.217

Saturated sand with
30% salt

120 35 0.41 0.3 2.197

FIGURE 10
Vertical displacement distribution of saturated sand with different salt contents. (A)Non-saline saturated sand subgrade. (B) 10% salt saturated sand
subgrade. (C) 20% salt saturated sand subgrade. (D) 30% salt saturated sand subgrade.
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6 Results

Currently, there is little research considering the impact of
different salt contents on the liquefaction characteristics of saline
saturated sand under seismic action. Through dynamic triaxial tests,
the following conclusions are drawn:

(1) By analyzing the liquefaction criteria of ordinary saturated sand,
a dual criterion for the liquefaction of saline saturated sand is
proposed, namely, when the standard ratio of excess pore water
pressure ud/σ3=1 and bidirectional strain amplitude (εd)
reaches 5%, saline saturated sand begins to liquefy.

(2) The liquefaction resistance of four types of saturated sand is 10%
saline saturated sand>20% saline saturated sand>30% saline
saturated sand>non-saline saturated sand, indicating that saline
saturated sand has stronger liquefaction resistance, but gradually
decreases as the salt content increases.

(3) When the dynamic shear strain is less than 0.01%, the dynamic
shear modulus slowly decreases with the shear strain. Due to the
salt crystals formed by water and salt under back pressure
saturation, the four types of samples are basically in elastic
deformation. When the dynamic shear strain level is 0.01%–
0.1%, the change in dynamic shear modulus enters a rapid
attenuation zone.

FIGURE 11
Lateral stress variation of saturated sand subgrade with different salt contents. (A) Non-saline saturated sand subgrade. (B) 10% salt saturated sand
subgrade. (C) 20% salt saturated sand subgrade. (D) 30% salt saturated sand subgrade.
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(4) As the salt content in saturated sand increases, the initial value
of shear elastic modulus begins to decrease. Under the action of
moisture and vibration loads, the settlement characteristics of
saturated sand begin to take effect, and the stress in it is more
easily propagated. The shear modulus is inversely proportional
to the salt content in saturated sand.

(5) Numerical simulation analysis reveals that the displacement and
settlement of saline saturated sand subgrade are much smaller than
that of ordinary saturated sand subgrade, indicating that saline
saturated sand subgrade has better seismic resistance. The
maximum stress in the four types of subgrades cannot reach the
shear stress during liquefaction, proving that after replacing soil for
the subgrade, the seismic liquefaction effect is effectively reduced.

The samples used in this article are super-strong saline saturated
sand fromQinghai region, China, thus the research results have guiding
significance for similar studies in highly saline saturated sand areas.
However, saturated sand with low and medium salt contents has not
been comprehensively analyzed, thus it is hoped that in the future,
scholars can start from this aspect and conduct indoor dynamic triaxial
tests on weakly and moderately saline saturated soils to study their
liquefaction characteristics. Meanwhile, it is suggested that in future
practical engineering construction, a certain amount of insoluble salt
should be added into saturated sand to increase its density and dynamic
shear modulus, which can reduce engineering diseases such as
foundation collapse, subgrade settlement, and slope slump caused by
seismic liquefaction.
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