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Based on the dynamic triaxial liquefaction test of the loess samples which are taken
from Shibei tableland, Guyuan City, Ningxia, China, the characteristics of dynamic
strain, dynamic stress and pore water pressure are studied under cyclic loading.
Triaxial shear test is conducted immediately after the sample reaches liquefaction point.
During the test, the property of the liquefied soil is analyzed through fluid mechanics
method, whereby the fluidity of the liquefied soil is represented by apparent viscosity.
The results show that the fluidity of liquefied loess changes from “shear thickening” to
“shear thinning” as the shear force continues, and the fluidity of liquefied loess is
closely related to its structure. In addition, in the process of forming a new stable
state, the apparent viscosity and deviant stress change with axial strain in a similar
approach. When the sample reaches its stable state, it meanwhile shows a relatively
stable apparent viscosity. According to the fluid mechanics and the law of conservation
of energy, the slip distance of the liquefied soil is estimated, and the results are in good
agreement with the field investigation results.
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INTRODUCTION

In recent years, large-scale liquefaction and sliding disasters of soil mass caused by
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earthquakes have occurred frequently, raising extensive attention in a global scale.
Numerous strong earthquakes, such as the 1920 Haiyuan M8Y4 earthquake ( Bai Mingxue et
al., 1990), the 1995 Osaka-Kobe M, 7.2 earthquake ( Du Xiuli et al., 2018), the 2011
offshore earthquake in Northeast Japan( Huang Yu et al., 2013) and the 2018 Palu M 7.5
earthquake in Indonesia ( Watkinsonim H. R., 2019 ) have caused large-scale soil
liquefaction and sliding disasters, resulting in a large number of casualties and property
losses. Chen Wenhua (2001) qualitatively revealed the mechanism of liquefaction flow
deformation through a large number of liquefaction flow phenomena, and proposed six flow
slide models to explain part of the large deformation disasters induced by earthquake
liquefaction. Liu Fang et al. (2013) analyzed the key factors which affect seismic
liquefaction deformation measurement through data statistics. Hu Zhonghua et al. (2016),
Chen Yumin et al. (2009) and Liu Hanlong et al. (2009) studied the mechanical properties
and deformation characteristics of saturated sand after liquefaction by the fluid mechanics
method. Zhuang Haiyang et al. (2016) analyzed the influence law and mechanism of rubber
film effect, effective confining pressure, cyclic loading amplitude and initial static shear
stress on large deformation characteristics of Nanjing fine sand liquefaction flow by
conducting cyclic torsional shear test on saturated fine sand. Wei Xing et al. (2019) used
particle flow software to simulate the cyclic shear test of saturated sand without drainage
process, studied the influence of different factors on liquefaction, and further analyzed the
basic features of macroscopic deformation of saturated sand after liquefaction. Zhou
Zhenglong et al. (2017) studied the effect of initial shear stress on the characteristics of soil
liquefaction and large deformation by cyclic torsional shear test.

The aforementioned investigations are mainly carried out on saturated sandy soil and
silty soil. However, global seismic damage cases and laboratory experiments have proved
that saturated loess and even loess with high water content have significant liquefaction
potential ; moreover, liquefaction can occur under a certain earthquake intensity, leading to
large-scale liquefaction slip disaster of loess. Worldwide scholars have conducted abundant
research on the liquefaction of saturated loess. Prakash S. et al. (1982) first proposed the
phenomenon and its influence of loess liquefaction. Puri V.K. (1984) found that cyclic
loading on saturated loess samples would cause an increase in pore water pressure, while the
increase in soil plasticity would inhibit the increase in pore pressure, and finally proposed
the occurrence condition of liquefaction flow failure for saturated loess. Ishihara K. et al.
(1990) considered that the flow sliding phenomenon in Tajikistan of the former Soviet
Union was caused by seismic liquefaction of loess. Deng Longsheng et al. (2012) suggested
that residual strain could be used to describe the degree of loess liquefaction, with the
support of triaxial test results. Wang Lanmin et al. (2000, 2013) detailed the change of
pore water pressure in the liquefaction process of saturated loess and the criterion of loess
liquefaction by using soil dynamics method through field survey and laboratory test. She
Yuexin et al. (2002) studied the growth principle of pore pressure and the mechanism of
loess liquefaction on a micro level through indoor dynamic triaxial test. Yang Zhenmao et al.
(2004) conducted the consolidated undrained triaxial test under stress control, studied the
steady state strength characteristic of the saturated loess as well as the over-consolidated
influence on its undrained traits, and analyzed the similarities and differences of static
liquefaction characteristics between loess and sand contrastively. Finally, they pointed out
the conditions of saturated loess flow failure and the method of judging whether the saturated
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loess can produce liquefaction flow slip by steady state strength. Deng Jin et al. (2013)
studied the changes of soil microstructure in the process of loess liquefaction. Furthermore
studies on the liquefaction flow slide disaster of loess strata are briefly summarized as
follows.Based on field investigations and laboratory test results of a large range of low-angle
flow slides in Shibei tableland, Guyuan. Bai Mingxue et al. (1990) proposed that the flow
slides were caused by seismic liquefaction and upwelling in the sand-bearing loess section of
Malan loess in which the pushed the soil on both sides are pushed. Through dynamic triaxial
test, Wang Qian et al. (2014) studied the liquefaction characteristics of loess in Shibei
tableland and analyzed the loess liquefaction mechanism of the Haiyuan earthquake. Zhang
Xiaochao et al. (2018 ) carried out an experimental investigation on the steady-state
deformation characteristics of saturated loess with the support of a large ring shear
apparatus, and discussed the influence of consolidation pressure, saturation, shear rate and
other factors on the steady-state strength of loess. Wang Lanmin ( 2020) studied the
conditions, kinematics and dynamics characteristics of large-scale liquefaction flow slides in
loess strata through field investigation, laboratory test and numerical simulation analysis,
discussed the flow slide mechanism, and built a prediction model of the distance and
influencing range of the flow slides.

In summary, although the liquefaction characteristics and mechanism of saturated loess
have been studied in a global scale, the main objects are mainly sandy soil and silty soil. On
the basis of previous studies, this study conducts field investigation of the loess liquefaction
flow slides in Shibei tableland generated by the 1920 Haiyuan earthquake, and selects
exploration well samples from the loess site at the back edge of the flow slide area, and
further completes the dynamic triaxial liquefaction test of the saturated undisturbed loess and
triaxial shear test of the soil after liquefaction. The seismic liquefaction mechanism and
characteristics of loess in Shibei tableland are studied and the flow characteristics of loess
after liquefaction are studied using the fluid mechanics method. The results of this study are
valuable for deepening our understanding of the forming mechanism of large-scale flow
slides induced by loess liquefaction as well as providing a reference for the prevention of
liquefaction flow slides in loess area.

1 MATERIALS AND METHODS

1. 1 Sample and Instrument

In order to study the dynamic response of the sandy loess in the Haiyuan earthquake
and its movement after liquefaction, we conducted a field survey in October 2019 in the
flow slide area of the Loess Plateau. The Shibei tableland, located in the mountainous area
of Southern Ningxia Hui Autonomous Region, is relatively sparsely populated. The Haiyuan
earthquake occurred 100 years ago. During the long period, rainfall, slope erosion, human
activities and other external disturbances on the flow slide area are inevitable. However,
these disturbances affect mainly on topsoil. The local area is characterized by arid climate
with scarce precipitation; thus, there is no runoff on the surface and the strata are relatively
stable. The sampling site is located in the non-sliding loess strata at the rear edge, and the
sampling depth is 15 m. During the sampling stage, 1.0-1.5 m of artificial excavation is
made at the rear edge of the original landslide body. The cubic soil blocks which are 100
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mm in length, 100 mm in width and 200 mm in height are collected and sealed on site and
then transported to the laboratory for testing. Therefore, the soil samples are less subject to
external interference factors, and its physical parameters change slightly compared with the
soil 100 years ago. The sampling location and environment are shown in Fig.1 and Fig.2.
The physical properties of soil samples are shown in Fig.3 and Table 1.

Figure 1 South flow slide boundary, sampling points and
borehole layout (Wang Lanmin et al. 2020)
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Table 1 Physical property indexes of soil samples
Sample Sampling Sampling Initial void Natural water Plasticity
number horizon depth/m ratio content /% index
sby-1 15 0.74 5.8 7.0
sby-2 Sandy clay 15 0.62 5.6 7.4
sby-3 15 0.70 5.0 8.3

The laboratorial dynamic and static triaxial test are conducted on the WF-12440 model
dynamic triaxial-hollow cylinder torsional shear test system in the Key Laboratory of Loess
Seismic Engineering, China Earthquake Administration. The system is equipped with a back
pressure saturation system, which can effectively increase saturation by applying back
pressure step by step on the sample, thus ensuring the accuracy of liquefaction test.

1. 2 Test Methods

The on-site soil samples are uniformly cut into cylindrical samples with a diameter of
50 mmX 100 mm. The samples are saturated by the back pressure saturation method. The
saturability of the samples is determined by detecting the pore water pressure coefficient
b-value. When the b-value reaches 0. 95, the sample is consolidated. In order to reduce the
deformation of the sample in the process of static pressure, the consolidation ratio K =1 is
selected, and the axial pressure and confining pressure are both 100 kPa. When the
consolidation deformation is less than 0.0005 mm/min, the sample consolidation is
considered stable. The consolidated and stabilized samples are subjected to cyclic shear
under constant amplitude sinusoidal loads of different amplitudes. Considering the fact that
for an earthquake , the higher acceleration, the longer duration time, and the lower frequency
will produce more severe destruction. The test adopts the dynamic load with a frequency of
1 Hz. The liquefaction failure criteria of the sample is set as axial dynamic strain =3% and
pore water pressure ratio U, /o, =0.2 ( Wang Lanmin et al., 2000). The dynamic stress,
dynamic strain and dynamic pore water pressure are recorded during the test. Triaxial shear
test is carried out immediately after the sample reaches liquefaction. The confining pressures
of different samples are 140 kPa, 200 kPa and 250 kPa respectively and the shear rate is
0.4 mm/min.

2 RESULTS AND ANALYSIS

2.1 Results

According to the dynamic triaxial liquefaction test results, the dynamic stress-strain and
dynamic pore water pressure changes and dynamic stress-strain hysteresis curves of saturated
loess are drawn, as shown in Fig.4. It can be seen from Fig.4(a) that in the early stage of
cyclic loading, the dynamic stress and strain change clighly, and the slope of the long-axis
of hysteresis loop is large. At this time, the pore water pressure response is weak and only
increases slowly. In addition, the soil structure is basically stable because of no residual
deformation or small residual deformation. With the increase of vibration times, the
dynamic stress decreases obviously, the dynamic residual strain increases rapidly, and the
slope of the long-axis of the hysteretic curve decreases. At this time, the growth rate of pore
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water pressure in soil is accelerating, and the effective stress is decreasing continuously.
Finally, due to the decrease of effective stress, the strength of loess structure decreases
continuously, exhibiting the characteristics of “cyclic activity” consequently. According to
Fig.4(b), at the beginning of cyclic loading, the dynamic strain of saturated loess increases
slowly and is mainly elastic strain. However, with the increase of vibration number, the
growth of dynamic strain gradually accelerates. When the dynamic strain reaches about 2% ,
the area of hysteresis loop and the residual strain begin to increase rapidly, indicating that
the structural strength of loess is weakening, and the ability of resisting deformation
becomes worse.
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Figure 4 Dynamic triaxial test results
(a) Relationship between dynamic stress, dynamic strain, pore water pressure and
number of vibration, (b) Curves of dynamic stress versus strain

2.2 Flow Characteristics of Loess after Liquefaction

Historical earthquake damage cases and indoor model test results in loess area show that
(Bai Mingxue et al., 1990; Xu Shunhua et al., 2013; Wang Lanmin et al., 2015)
saturated loess has a certain fluidity after liquefaction; thus, the loess mass can be regarded
as fluid for simpler calculation. According to the principle of hydrodynamics, the viscosity
of saturated loess in different time periods is analyzed. In order to study the process and
formation mechanism of liquefaction and fluidization of saturated loess, we mainly rely on
the results of triaxial shear test; moreover, the fluidity of saturated loess after liquefaction is
characterized by calculating the apparent viscosity. As a result, the lower the apparent
viscosity is, the better the fluidity is. The apparent viscosity is calculated by Equa.(1) :

7,(1)
(1)
Ya(t)
In the equation, 7,(¢) and y,(¢) are the shear stress and shear strain rate corresponding to
the time; n(¢) is the apparent viscosity; y.(¢) is calculated by Equa.(2).

v.(1) :% Yier =i N Yi = Via (2)
Liyg — 1 b — 1
In the equation, vy, ,. v,,, and y are the shear strain values at time ¢,_,, f and ¢,,,.
According to Equa. (1) and Equa. (2), the apparent viscosity of post-liquefaction
Shibei tableland loess is calculated, and the variation curve of apparent viscosity with shear
loading time is drawn, as shown in Fig.5. It can be seen from the figure that with the

increase of shear loading time, the apparent viscosity of the three samples first increases and

n(t) =
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then decreases. In other words, the flow characteristics of the liquefied loess firstly show
“shear thickening” , and then change to “shear thinning” with the increase of loading time.
It can be seen from the figure that confining pressure has a great influence on the fluidity of
liquefied loess. The apparent viscosity curve of sby-1 ( confining pressure 140 kPa) is more
gentle than the other two samples. The possible reason is that the pore water pressure of
liquefied loess increases rapidly under low confining pressure, leading to low shear strength
and excellent fluidity. The lower the confining pressure is, the smaller the resistance of soil
particles is. Therefore, the apparent viscosity of sby-1 is smaller than that of the other two
samples.
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Figure 5 Curves of Apparent viscosity versus time

In order to comprehensively analyze the influence of pore water pressure and effective
stress on the apparent viscosity of soil after liquefaction, sby-2 ( confining pressure
200 kPa) loess sample is taken as an example. Three curves: Apparent viscosity, pore
water pressure, and effective stress against time are drawn (Fig.6). It can be seen from the
figure that the pore water pressure of liquefied loess increases nonlinearly under triaxial
shear. On the contrary, the effective stress continues to decrease. In particular, the peak
time of apparent viscosity is close to the time when pore water pressure and effective stress
are equalsuggesting that the increase of apparent viscosity is due to the fact that the loess
sample has not reached the state of “complete liquefaction”. At this time, the loess sample
still has a certain structural strength. In addition, due to the friction between loess particles
and the cohesive force produced by the cement among particles, the loess sample still has a
large shear strength. With the increase of pore water pressure, the effective stress decreases
continuously, and the structure of loess is further destroyed. The partial dissolution of the
soluble salt cemented between the particles decreases the cohesion continuously, leading to
the continuous decrease of the apparent viscosity. Such result indicates that the fluidity of the
Loess is better after liquefaction.

In order to comprehensively analyze the relationship between apparent viscosity and
steady-state strength ( Yang Zhenmao et al., 2004 ) , sby-1 ( confining pressure of 140 kPa)
loess sample is selected as an example. The curves of apparent viscosity, deviator stress
versus axial strain and pore water pressure with axial strain are drawn ( Fig.7 and Fig.8). It
can be seen from the figure that with the increase of axial strain, the changing rules of
apparent viscosity and deviator stress are similar. When the axial strain is about 8% , both of
them reach the peak value at the same time. At this time, with the continuous increase of
pore water pressure, the structure of the sample is destroyed rapidly. The resulting
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manifestation shows that the strength of the sample decreases rapidly, the axial strain
increases rapidly, the apparent viscosity of the sample also decreases, and the fluidity of
loess sample tends to be good. When the axial strain is about 18% , the pore water pressure
and axial strain gradually reach a stable state, and the change of apparent viscosity is
relatively gentle. The results show that the apparent viscosity of the sample will reach a
relatively stable value when it reaches the steady state, forming a new flow structure.
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Figure 6 Relationship between Apparent viscosity ,Pore water pressure,
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3 FORMATION MECHANISM OF LIQUEFACTION FLOW SLIDE DISASTER IN
SHIBEI TABLELAND

3. 1 Geological Settings of Shibei Tableland Area

In order to better understand the geological environment of Shibei tableland area, the
field investigation was carried out in October 2019. In general, the surface of Shibei
tableland is a gentle plane with a slope angle less than 3°. The terrain of the entire loess
tableland inclines to the northwest, with a higher southeastern part and a lower northwestern
part. The overall strike of the flow slide zone is N24°W, with a length of 6 km, a width of
1.2-1.8 km and an area of 9 km”. The southern boundary of the flow slide zone is shown
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in Fig.1. The zone is about 70 km away from the epicenter of the 1920 Haiyuan earthquake,
and the seismic intensity is X (Wang Lanmin, 2020).The groundwater in the liquefaction
flow slide zone is mainly supplied by meteoric water and tableland catchment. The upper
phreatic level is 8—20 m ( Bai Mingxue et al., 1990). According to the drilling results of 8
boreholes, the stratigraphic distribution of Shibei tableland flow slide area is shown in Fig.9.
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Lishi loessQ, | Lower loess
layer 276
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Figure 9 Stratigraphic section of Shibeiyuan area

3.2 Formation Mechanism of Liquefaction Slip Disaster in Shibei Tableland

According to previous studies, before the Haiyuan earthquake, the underground water
level in the Shibei tableland had risen abnormally, saturating the loess layer below 10-15 m
(Ningxia Hui Autonomous Region Seismological Bureau, 1982; Wang Qian et al., 2014).
By referring to Haiyuan seismic data and the recorded description from witnesses, the
duration of the main shake in Haiyuan is about 6—15 min (Zhang Xiaochao, 2015). During
the calculation process, we assume the duration time is 6 min, refer to the seismic intensity
of Shibei tableland area, and consider the site amplification effect of the loose loess strata.
Then, in related to the method of equivalence amplitude and action times proposed by Seed,
we obtain that the seismic action number is 60, indicating a 60 s duration time and an
acceleration of 600 Gal, which correspond to the loading frequency and time of the dynamic
triaxial test. The corresponding state of the loess layer is inferred to be “shear thinning”.
Finally, using unary quadratic function to fit the data of sample sby-1 in the period of
“shear thinning” , Equa.(3) is obtained;

n(t) = 107** — 0. 6754t + 2197.28 (3)
T =1y (4)

1
Emv2 =7l (5)

Where; m is the mass of the liquefied soil layer, and v is the velocity of the liquefied soil
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layer at the end of the earthquake, 7 is the internal friction force during the flow of the
liquefied soil layer, and [/ is the flow distance of the liquefied soil layer.

Due to the poor permeability of the paleosol in the upper part of the liquefied soil layer
(Wang Lanmin, 2020) , the pore water pressure generated in the soil under earthquake can
not be dissipated in time. Therefore, the liquefied loess is in the state of “shear thinning”.
Finally, the apparent viscosity maintains at a relatively stable value. Taking the minimum
value of Equa.(3), we can get that n=1 056. 8 kPa/s. According to Seed’ s method, the
number of earthquake actions is 60, the duration is 60 s, the seismic acceleration is 600
Gal, and the converted horizontal acceleration a, is 0.39 m/s’ ( Wang Lanmin, 2020).
According to Equa.(3), (4) and (5), the sliding distance of liquefied soil is 383.79 m,
which is consistent with the sliding distance of 300 — 600 m obtained from the field
investigation. The seismic force acting on the Loess Tablel and leads to the crack of the
upper loess layer, and the liquefied layer is in the “fluid” state, which leads to the
alternating action of tension and compression on the liquefied layer and the upper loess layer
during sliding. In addition, due to the large pore water pressure in the lower soil mass, once
the sagging stress of the overlying strata decreases under the tensile action, the lower soil
mass will be ejected upward under the action of pore water pressure. Finally, the landform
of alternating peaks and valleys is formed in the flow slide area.

4 CONCLUSION

After reviewing and analyzing previous papers, several seismic cases of large-scale
loess liquefaction flow slides induced by earthquake are analyzed. For example, the
liquefaction flow slide in Hongdong of Shanxi in 1303 (Zhao Jinquan et al., 2003), the
liquefaction flow slide in Dongpu Village caused by Linfen of Shanxi in 1695 ( Su
Zongzheng et al., 1995) , and the liquefaction flow slide in Shibeiyuan Plateau caused by
the Haiyuan earthquake in 1920 ( Wang Lanmin, 2020 ). This paper summarizes the
common characteristics of large-scale loess liquefaction flow slide induced by earthquake
and presents the definition, characteristics and properties of the flow slide phenomenon.

Definition: under the action of earthquake, the phenomenon of large-scale flow slides
of contiguous soil with a certain thickness caused by liquefaction in loess sedimentary strata
with a surface slope less than 10°. Characteristics and properties: (D The slope angle of the
surface is small (less than 10°) when the soil is destroyed, and the collapsed soil is in the
state of “flow slide” ;@ The length and width of the distribution of the flow slide area are
generally from 1km to thousands of meters, and the sliding distance is generally hundreds of
meters to more than 1 kilometers;@ The landform of the flow slide area is interlaced with
peaks and valleys;@ The flow slides are generally induced by strong earthquakes.

Under the action of monotonous shear, the fluidity of the post-liquefaction loess
changes from “shear thickening” to “shear thinning” with the increase of duration time,
possibly related to the structure of loess. In the process of forming a new stable strength, the
apparent viscosity and the variation of the partial stress with axial strain are similar. When
the sample reaches the steady state, the apparent viscosity of the sample is also stable.

The forming mechanism of the low-angle liquefaction flow slides in the loess plateau is
as follows: Before the earthquake, the rise of groundwater level saturates the sandy loess
layers with a depth deeper than 15 m. Then, strong earthquakes rapidly liquefy the saturated
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loess layers. Due to the poor water permeability of the ancient soil layers in the upper part of
the liquefied soil layers, the pore water pressure in the soil cannot be dissipated in time,
resulting in a state of “shear thinning”. The seismic force acting on the Loess tableland
makes the upper loess layer crack, and the liquefied layer is in the “fluid” state, which
results in the alternating action of tension and extrusion on the liquefiable layers and the
upper loess layers while sliding. Finally, with the upward action associated with the pore
water pressure in the lower soil mass, the interlaced landform of peaks and valleys is
generated in the flow slide zone.
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