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Soil slopes, located near rivers or the sea, often get damaged dramatically under seismic
action due to the high groundwater level. To determine the failure mechanism, this study
proposed an analytical method for a composite critical slip surface of a multi-layer slope
considering the effects of the excess pore water pressure using the Newmark’s method
and variational principle. Based on this, a method for evaluating the effects of the excess
pore water pressure on the permanent displacement of the slope under seismic action was
established, and influence mechanisms of the excess pore water pressure on failure
modes of the multi-layer bank slope at different groundwater levels were studied. The
research results show that slip surfaces basically have same shapes at different
groundwater levels; however, with the rise of the groundwater level, soil above a
seepage line is not affected by the excess pore water pressure, and its sliding scale
slightly changes. For soil below the seepage line influenced by the excess pore water
pressure, the slip surface constantly extends to the interior of the slope, resulting in the
increase in the sliding scale. Due to the cumulative increase in the excess pore water
pressure, the bank slope at different groundwater levels is generally manifested as shear
sliding at the slope toe and tensile fracture at the top. Finally, based on the shaking table
test, the proposed method was verified to be reasonable and accurate. This research
provides a simple and reliable method for slope engineering technicians to evaluate the
stability of water-rich soil slopes.

Keywords: multi-layer slope, composite critical slip surface, excess pore water pressure, permanent displacement,
shaking table test

INTRODUCTION

With the advancement of construction goals of “the Belt and Road Initiative” and “Maritime Silk
Road,” a large number of marine engineering projects are developing far out in the sea of China and
most of the water transportation projects are located in strong earthquake areas. Bank slopes are
widely involved in water transportation engineering (Zhang et al., 2020). Different from general road
slopes, one side of a bank slope is immersed in water all year round and the internal groundwater
level is higher. The excess pore water pressure can be produced under seismic action so that the slope
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is very likely to slide and collapse (Wang and Sassa, 2009; Huang
et al., 2018). For example, during an earthquake in Miyagi
Prefecture, Japan, in July 2003, a lot of river bank slopes were
seriously damaged, most of which were caused by the principal
earthquake (Ms � 6.2). There was a settlement of about 3 m at the
top of a bank slope and the slope toe protruded to the road outside
the slope for 3–5 m as shown in Figure 1. Therefore, coastal or
riverside slopes are more prone to sliding and collapse under
seismic action due to a high water content. Determining the
seismic stability of such slopes to take engineering protective
measures for technical reinforcement and prevent engineering
accidents in time is of great significance.

For seismic stability analysis of a slope, the design methods
recommended in specifications (American Society of Civil
Engineers, 2014; JTS146-2012, 2012; Faccioli et al., 2005) in
the world mainly include the quasi-static method, time history
analysis method, and Newmark’s sliding block displacement
method. Of them, the quasi-static method is relatively simple
and practical and easy to master by engineering designers, so at
present, it has been widely used in specifications of various
nations in the world. However, this method only provides one
stability index (safety factor) and cannot offer displacement
information related to failure surfaces, so it fails to determine
the initial sliding position and sliding surface of the slope. The
time history analysis method is a nonlinear analysis method,
which inputs the seismic acceleration record in the basic motion
equation of the structure and performs the integral operation to
obtain the seismic effects of the structure in the whole-time
history. However, due to large calculation workload, this
method is difficult for general engineering designers to master
quickly and is not practical in actual engineering. The Newmark’s
sliding block displacement method integrates the advantages of
the above two methods. It can consider the time cumulative
effects of the earthquake, more specifically describe deformation
information of sliding blocks, and determine a critical sliding
surface of the slope. When the Newmark’s sliding block
displacement method is used to analyze the seismic stability of
a slope, it is necessary to solve two problems: one is to determine
the critical slip surface and the other is to calculate the permanent
displacement. At present, slip surfaces of soil slopes are mostly
assumed to be circular arcs and logarithmic spirals. Leshchinsky
et al. (2016) pointed out that the shape of the logarithmic spiral
slip surface obtained by Baker and Garber (1978) based on
variational principle is consistent with those obtained by the
supremum theorem and proposed the permanent deformation
analysis method combined with the Newmark’s method. Based
on the Newmark’s method, Huang et al. (2014) considered the
slip surface of a homogeneous soil slope as a logarithmic spiral
slip surface and put forward a simplified calculation method for
the permanent displacement of the slope, considering effects of
earthquake-induced excess pore water pressure. Through a
Newmark’s rigid-plastic sliding block model, Wang et al.
(2016) derived calculation equations for the yield acceleration
and permanent displacement of the slope with the logarithmic
spiral linear slip surface. Moreover, the calculation model for the
permanent displacement of the slope under seismic action was
optimized and solved. However, the slope is mostly assumed as

homogeneous in seismic stability analysis of the slope using the
Newmark’s method in previous studies. This is mainly because
the composite critical slip surface of the multi-layer slope cannot
be represented by a single logarithmic spiral and it is difficult to
carry out analytical calculation.

Furthermore, for a bank slope, the excess pore water pressure
is the main factor that causes its destruction under earthquake
aciton (Du and Chen, 2018; Cao et al., 2019; Huang et al., 2020).
In the seismic stability analysis of the slope with the Newmark’s
method, how the excess pore water pressure affects the critical slip
surface and permanent displacement, especially for the multi-
layer slope, is another important problem to be solved in this
study. There have been many studies on cumulative development
of the excess pore water pressure under seismic action
(Chiaradonna et al., 2020; Carey et al., 2017; Hidemasa et al.,
2018; Fattah et al., 2016). However, most of the previous studies
have been carried out through indoor tests and numerical
simulation (Gordan et al., 2016) and mainly focus on changes
of the excess pore water pressure of soil under seismic action and
its influences on the slope stability. Although physical modeling is
an effective way to investigate the seismic behaviors of soil slopes
with the influence of the excess pore water pressure, it is
unrealistic for engineers to apply the approach in practical
engineering. By far, most engineers still adopt the limit
equilibrium method with which they are more familiar. These
methods are widely documented in geotechnical literatures and
use principles of static equilibrium to evaluate the balance of
driving and resisting forces. These methods will not consider the
excess pore water pressure (Ishii et al., 2012).

To sum up, the Newmark’s method for analyzing the seismic
stability of the slope has been widely used. However, for
calculation of the permeant deformation of multi-layer slopes,
especially slopes with a high groundwater level, how to determine
the composite critical slip surface and what is the effect of excess
pore water pressure on multi-layer slope are problems urgent to
be solved. Based on this, the method for determining the
composite critical slip surface of the multi-layer slope was
proposed based on the Newmark method and variational
principle. By combining with the proposed simplified
calculation method of the earthquake-induced excess pore
water pressure (Huang et al., 2021), this research put forward
the method for calculating the permanent displacement of the
multi-layer slope considering effects of the excess pore water
pressure. On this basis, influence mechanisms of the excess pore
water pressure on failure of the bank slope at different
groundwater levels were analyzed. Moreover, the method was
verified to be reasonable and accurate through the shaking
table test.

CALCULATION METHOD FOR THE
PERMANENT DISPLACEMENT OF THE
MULTI-LAYER SLOPE
There are many methods to calculate the logarithmic spiral
critical slip surface of the slope in the Newmark’s method,
among which the calculation method based on variational
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principle is widely recognized. Before introducing the proposed
calculation method for the critical slip surface of the multi-layer
slope, this study first introduced the calculation process of the
logarithmic spiral critical slip surface of a homogeneous slope
based on the variational principle, as shown in Figure 2.

As displayed in Figure 2, a sliding body is simplified as a rigid
body in the calculation of the logarithmic spiral slip surface of the
homogeneous slope, and its resisting moment and down-sliding
moment relative to the center of rotation satisfy Eq. 1 of
rotational equilibrium,

M � MR −MD � MR − (MDV +MDH) � 0, (1)

where MR represents the frictional resisting moment of the slip
surface, MD indicates the sliding moment and is the sum of the
sliding moment MDV formed by the dead weight and the sliding
momentMDH formed by the inertia force of the soil block on the
slip surface, and H is the slope height.

According to the standardized coordinate system based on the
slope height H in Figure 2, calculation methods for different

rotational moments can be obtained from Eqs 2–4 by taking the
slope toe as the coordinate origin,

MR � 1
FS

∑n

i�1 {τi sin θidX(Xi −Xc) − τi cos θidY(YC − Y )i }
� ∑n

i�1 (Nm + S(Yi)ψm)[(Yi − YC) − (Xi −Xc)Yi′]dXi

� ∑n

i�1 Nm[(Yi − YC) − (Xi −Xc)Yi′]dXi],
(2)

MDV � ∑n

i�1[(Yi − Yi)(Xi −Xc)]d, (3)

MDH � −a
2
∑n

i�1[(Yi − Y)i (Yi + Yi − 2YC)]d, (4)

Xi � xi

H
, Yi � yi

H
, Yi � yi

H
, Yi′ � dYi

dXi
, (5)

Nm � C

FS
· 1
�cH

, ψm � tan ϕ
FS

, (6)

where Xi, Yi, and Yi are the x and y coordinates of the slip surface
standardized by the slope heightH; τi and Fs are the tangential shear
stress of the slip surface and the safety factor of the slope stability,
respectively;Y’

i indicates the slope of coordinateXi of the critical slip
surface shown in Eq. 5; C, S(Yi) , and ϕ are the cohesion, vertical
stress, and internal friction angle of the slip surface, respectively;Nm

and ψm separately indicate the standardized cohesion and
internal friction angle in Eq. 6, respectively; and �c and a stand
for the average weight per unit volume of soil on the slip surface and
seismic acceleration acting on the soil block in the dXi interval,
respectively.

The groundwater level in the bank slope is a factor that cannot
be ignored. Under seismic action, the coupling effect of
earthquake and groundwater can also produce the excess pore
water pressure. Therefore, it is necessary to consider the effects of
sliding force of the sliding body induced by the pore water
pressure in Eq. 1 of rotational equilibrium. The effects of the
excess pore water pressure are mainly obtained through use of a
simplified calculation method proposed in the existing study
(Huang et al., 2021), as demonstrated in

FIGURE 1 | Sliding failure of a river bank slope during the earthquake. (A) Groundwater level after landslide. (B) The slope toe sliding.

FIGURE 2 | Calculation diagram of the critical slip surface of a
homogeneous slope.

Frontiers in Earth Science | www.frontiersin.org December 2021 | Volume 9 | Article 7996123

Huang et al. Seismic Behavior Analysis of Bank Slope

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


usis � (1 − λ

1 + λ
)(am

g
)cm · Z · 0.52D

Z
{sin πZ

2D
+ 0.078 sin

3πZ
2D

},
(7)

where (1−λ1+λ) represents a correction coefficient and λ � me
mc
,me, and

mcindicate the shear dilatancy and shrinkage coefficients,
respectively. For sandy soil, me � 0, and for homogeneous
elastic materials, λ � 1, thus obtaining usis � 0. am, g, cm · Z,
and D denote the maximum acceleration of the surface,
gravitational acceleration, overburden load at the depth of Z,
and thickness of the soil layer, respectively.

Through Eqs. 7 and 8, the pore water pressure on the critical
slip surface can be determined as follows:

u � u0 + usis. (8)

Eq. 1 for rotational equilibrium can be changed into

M � MR −MD � MR − (MDV +MDH +MDu) � 0 (9)

where MDurepresents the rotational moment produced by the
pore water pressure, which is calculated according to

MDu � ∑n

i�1{u cos θidX(Xi −Xc) + u sin θidY(YC − Yi)}. (10)
For the shape of the logarithmic spiral critical slip surface, Eqs

11 and 12 can be used for calculation,

X � Xc + Aexp(−βψm) sin β, (11)

Y � Yc − Aexp(−βψm) cos β, (12)

whereXC andYC indicate the polar coordinates of a logarithmic spiral
and A and β represent the constant of the logarithmic spiral and the
angle relating to the position of the inclined plane, respectively. Here, β
is the angle of counterclockwise rotation around the polar coordinates
of the logarithmic spiral from the vertical direction to the point (X, Y)
on the slip surface. The yield acceleration asy can be calculated by
substituting the safety factor Fs of 1.0 of slope stability in Eq. 2 into
equilibrium Eq. 1. Furthermore, for the critical slip surfaces of the
multi-layer slopes with different soil strengths, they cannot be
expressed by a single logarithmic spiral. Therefore, the research
refers to variational solutions to slopes with discontinuous soil
strength proposed by Baker and Garber (1978), namely, the slip
surfaces of each layer in the multi-layer slope are logarithmic spirals,
that is, the slip surfaces are same in shape. Based on the above analysis,
although the logarithmic spiral slip surfaces have different constants,
their polar coordinates in various layers of the slope are same.

In conclusion, the shapes of logarithmic spirals of slip surfaces
in each layer can be obtained by

Xj � Xc + Ajexp(−βψm) sin β, (13)

Yj � Yc + Ajexp(−βψm) cos β, (14)

where ψmj and Aj separately represent the standardized internal
friction angle and constant of the logarithmic spiral of the jth
layer, respectively.

To determine the shapes of logarithmic spirals in each layer of
the slope, it is necessary to set unified polar coordinates, constants
of logarithmic spirals, boundaries of each layer, and polar

coordinates β of the upper or lower end of the slip surface, as
shown in Figure 3.

It is assumed that the number of layers in the slope isN and the
polar coordinates are XC and YC. There are N constants of the
logarithmic spiral in each layer, which means that there are N
boundaries and β for the lower or upper end of the slip surface, so
2N+2 unknowns need to be solved. On the boundary of the
adjacent layer, because the slip surfaces in two layers are
consistent in Figure 3, the continuity conditions of sliding
lines are established, thus obtaining 2(N-1) equations with
continuity conditions. In the polar coordinate system of the
slip surface, considering the lower or upper end of the slip
surface, there are 2N-2 unknowns, which can be solved
according to continuity conditions of layer boundaries. The
specific calculation process is shown as follows.

First, because the depth of the boundary of adjacent layers is
known, the Y coordinate of the slip surface on the boundary is
also known. In this way, since the values of Y coordinates of the
slip surfaces in the two adjacent layers are the same, the
relationships of constants Aj+1 and Aj of logarithmic spirals in
the upper and lower layers, standardized internal friction angles
ψmj and ψmj+1 in the two layers, and βj+1j on the boundary shown
in Eq. 15 can be obtained. Here, Aj andβ

j+1
j are unknown. To

calculate the unknowns, first, it is necessary to assume the polar
coordinates of the slip surface, position of the lower end of the
whole slip surface, and the constant of the logarithmic spiral of
the layer containing this position. After that, taking the lower end
of the slip surface as the starting point, the logarithmic spiral
βj+1j at the intersection of the layer containing the lower end and
the upper boundary is calculated. In this case, the value on the
left-hand side of Eq. 16 should be equal to that on the right-hand
side. The equation of the Y coordinate of the slip surface on layer
boundaries in Eq. 12 is expressed as a function including βj+1j and
other parts excluding βj+1j . βj+1j can be calculated by the

dichotomy. By substituting βj+1j and the previously set constant

of logarithmic spirals into Eq. 15, the constant Aj+1 of the
logarithmic spiral of the layer above the layer containing the
lower end of the slip surface can be calculated through the above
method. In accordance with Eq. 16, βj+1j of the layer and the upper
boundary can be calculated. By repeating this operation, the
shapes of the logarithmic spirals in each layer can be
determined as

Aj+1 � Ajexp( − βj+1j ψmj + βj+1j ψmj+1), (15)

Yj − Yc

Aj
� exp(( − βj+1j ψmj)cosβj+1j ), (16)

where Aj+1 and Aj represent the constants of logarithmic spirals
of the upper and lower layers, respectively; βj+1j denotes the
polar coordinate at boundaries in different soil layers; and
ψmjand ψmj+1denote the standardized internal friction
angles of the jth and j+1st layers, respectively.

After determining the composite critical slip surface of the
multi-layer slope, the permanent displacement is calculated by
using the Newmark’s method, like previous studies. First, as
shown in Eq. 17, the excess of sliding moment MD relative to
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resisting moment MR of the soil block on the slip surface is
calculated (hereinafter referred to as excess sliding moment). The
soil block on the slip surface slides all the time in the period from
a positive sliding moment (ΔM ≥ 0) to a negative rotational speed
_θ. In this period, the motion mode of the soil block on the slip
surface can be obtained by the equilibrium between excess sliding
moment and inertial moment, specifically shown in Eq. 18. The
inertial moment of the soil block is calculated by multiplying the
rotational speed _θ at the center of gravity by the inertial mass ms

and least square R2cg of the distance from the polar coordinate of
the slip surface to the center of gravity. Each moment in the
motion equations on the standard coordinate system shown in
Eq. 19 are displayed on an actual coordinate system. The
rotational acceleration is solved by Eq. 20. Then, the motion
of the soil block can be evaluated through integration,

MDH � ∑n

i�1 Eqsc(Yi)(Yi − Yi) (Yi + Yi)
2

dXi, (17)

△M � MD −MR, (18)

△M � Rcg
⎡⎣ms

d2(Rcgθ)
dt2

⎤⎦ � msR
2
cg
€θ � Is€θ, (19)

€θ � �c

H
· △M

msR2
cg

. (20)

CASE ANALYSIS

Calculation Model and Selection of Seismic
Waves
By taking a bank slope as a research object, the proposed method
for determining the composite critical slip surface under seismic
action was used to determine the critical slip surface of the bank

slope. Moreover, the seismic deformation behaviors of the bank
slope were analyzed and compared with the actual seismic
deformation. The bank slope slid and collapsed in an
earthquake and a lot of river bank slopes were seriously
damaged, most of which were caused by the principal
earthquake, as shown in Figure 4. After the earthquake, there
was a settlement of about 3 m at the top of the bank slope, and the
slope toe protruded to the road outside of the slope for 3–5 m.
The large sliding displacement of the bank slope is due to the rise
of the groundwater level in the bank slope caused by the rainfall
before the earthquake, and the stacking of new sandy soil at the
top of the original clay bank slope is also an important influence
factor leading to the landslide.

The position of the slip surface and permanent deformation of
the bank slope after the earthquake are shown in Figure 5A–D.
Based on the geological survey report, the borehole information
and shear wave velocity along the depth of the formation of the
bank slope were obtained, as displayed in Figure 5E.

The Ms6.2 earthquake with the epicentral distance of 12 km
was recorded at MYG011 and occurred at 38.405°N, 141.170°E
and the maximum peak acceleration was recorded as 367.6 Gal.
The river bank slope was located in Miyagi Prefecture, Japan. The
time-history information of the recorded ground motion is
demonstrated in Figure 6.

Considering that the left side of the slope was protected
through a bank protection structure, the left side is more
stable relative to the right side, which is the reason why the
left bank slope was not damaged, but the right slope slid and
collapsed in the earthquake. Therefore, the stability of the right
side of the slope was mainly analyzed. Considering that a simpler
slope model can eliminate the interference of other factors on
analysis results and the obtained results are more universal, a
generalized model of the bank slope was built, as shown in
Figure 7. The right slope of the generalized model is 10 m in
height and the slope angle is 45°. Six soil layers are distributed

FIGURE 3 | Calculation diagram of shape of the logarithmic spiral slip surface of the multi-layer slope.

Frontiers in Earth Science | www.frontiersin.org December 2021 | Volume 9 | Article 7996125

Huang et al. Seismic Behavior Analysis of Bank Slope

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


FIGURE 4 | Schematic diagram of the bank slope failure.

FIGURE 5 | Sliding and other formation information of the bank slope after the earthquake. (A) Top cracks. (E) Borehole diagram. (B) Top slip. (C) Permanent
displacement. (D) Slope toe sliding.
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from the top to the bottom:① sandy soil layer,② clay soil layer,
③ sandy soil layer, ④ clay soil layer, ⑤ sandy soil layer, and ⑥

clay soil layer.
The physical and mechanical parameters of different soil

layers of the slope were mainly selected based on geological
survey reports and geotechnical design manuals, as listed in
Table 1.

Slip Surface Shapes Analysis of the Bank
Slope at Different Groundwater Levels”
Considering the rainfall before the earthquake, the groundwater
level on one side of the bank slope rises, and the excess pore water
pressure generated in the slope is the main influence factor of
sliding failure. Based on this, the shapes of the slip surface of the
slope under the earthquake were studied at different groundwater
levels by setting the groundwater level on the left side of the slope
as 2, 4, 6, and 8 m. To determine the reasonability of the proposed
method in evaluating the critical slip surface of the multi-layer
slope, the yield acceleration of the slope can be obtained by
substituting the safety factor Fs � 1 in Eq. 2 into Eq. 1 of
rotational equilibrium, as shown in Table 2.

In Table 2, the critical yield acceleration gradually decreases
with the increase in the groundwater level and its minimum is
2.4 m/s2, which is about 31% lower than the yield acceleration
obtained at the groundwater level of 2 m. This indicates that the

excess pore water pressure under the seismic action is the main
factor influencing the slope stability, and the higher the
groundwater level is, the more significant the influences.
Through analytical methods of Eqs 15, 16, the critical slip
surfaces of the slope at different groundwater levels are
determined in Figure 8.

As displayed in Figure 8, different groundwater levels on the
left side of the bank slope result in a large difference in the fracture
position of the slope under seismic action, while the shapes of the
slip surface are basically consistent. In other words, the sliding
failure in the form of logarithmic spirals is shown in soil in both
the upper and lower layers of the slope. The failure mode of the
bank slope at different groundwater levels is manifested as shear
slip at the slope toe and tensile fracture at the top overall.
Furthermore, the height of the seepage line in the slope
constantly rises with the increase in the groundwater level,
and the slip surface of soil above the seepage line slightly
extends inside the slope. However, the slip surface of the slope
below the seepage line extends more apparently inside the slope.
This suggests that as the groundwater level rises, soil above the
seepage line is not affected by the excess pore water pressure and
the sliding scale of the sliding body slightly changes under seismic
action. While for soil below the seepage line that is influenced by
the excess pore water pressure, the sliding scale increases at a
growing amplitude with the gradual rise of the water depth
because the slip surface continues to extend into the slope and
its sliding scale rises obviously. For instance, when the
groundwater level rises from 2 to 4 m, the extension of the
slip surface to the interior of the slope is significantly less than
that when the groundwater level increases from 6 to 8 m. Under
the coupling effects of the earthquake and groundwater at the
slope toe, the excess pore water pressure rapidly accumulatively
increases so that the slope toe is most likely to become the shear
crack of slip.

Permanent Displacement Analysis of the
Bank Slope at Different Groundwater Levels
The influences of different groundwater levels on shapes of the
critical slip surface of the slope were analyzed in the previous
section. This section mainly analyzed influences of different

FIGURE 6 | Record of ground motion.

FIGURE 7 | Generalized model of the slope.
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groundwater levels on the permanent displacement of the slope.
First, by using the calculation method for the permanent
displacement proposed in this research, the excess pore water
pressure of the slope toe and permanent displacements of the
slope at the groundwater levels of 2, 4, 6, and 8 m were analyzed,
as shown in Figure 9.

Figure 9A shows the excess pore water pressure of the slope
toe under different water levels, and the excess pore water
pressure cumulative increases with the earthquake action in
different time. The higher the water level, the greater the
excess pore water pressure. Therefore, the water level 8 m has
more influence on slope deformation. Figure 9B shows
cumulative changes of the permanent displacement of the
multi-layer slope at different groundwater levels. At different
groundwater levels, the vertical permanent displacement of
sliding body of the slope gradually accumulatively increases.
First, when the groundwater level is 6 m, the permanent
displacement of the slope is calculated as 2.9 m, which is close
to the actual vertical displacement of 3 m recorded in the actual
disaster, with the error within 10%. Therefore, this further
indicates that the calculation method for the permanent
displacement considering the excess pore water pressure is
reasonable and reliable. At the groundwater level of 2 m, the
yield acceleration of the slope is 3.15 m/s2 and the cumulative
permanent displacement is 2.5 m. As the groundwater level is
4 m, the cumulative permanent displacement is 2.7 m, which
increases by about 8% compared with that at the groundwater
level of 2 m. When the groundwater level is 8 m, the permanent
displacement reaches 3.25 m, which rises by about 30% compared
with that at the groundwater level of 2 m. Therefore, the bank
slope experiences a large sliding displacement under seismic
action. This is mainly because the rainfall raises the
groundwater level of the river, which indirectly increases the
groundwater level in the slope and produces the excess pore water
pressure under seismic action, thus leading to a large scale of
landslide.

COMPARATIVE ANALYSIS BASED ON
SHAKING TABLE TESTS

Test Model
To verify the accuracy of the evaluation method for the
composite slip surface of the multi-layer slope proposed in
this study, shaking table tests were conducted in the
laboratory. The shaking table equipment included a
hydraulic table controller, an oil pump station, and a
horizontal shaking table, as demonstrated in Figure 10.
Through use of the test table, the horizontal constant-
frequency vibration test and swept-frequency vibration test
with sine waveform were performed on the structure
sample with the weight less than 5,000 kg in the laboratory
under the frequency of 1–40 Hz and acceleration of 0–20 m/s2.
Moreover, various types of time-history seismic waves could
be applied.

To obtain seismic dynamic response data of a test model, it is
necessary to collect and test the multi-channel structural data, so
a multi-channel data acquisition system and a vibration test and
analysis system were equipped. This system can collect dynamic

TABLE 1 | Physical and mechanical parameters of different soil layers.

Soil layer Weight (kN/m3) Poisson’s ratio Elastic modulus
(MPa)

Cohesion (kPa) Internal friction
angle (°)

Sandy soil layer ① 18 0.35 10 15.0 18.0
Clay soil layer (containing sand) ① 18.5 0.45 5 17.5 16.4
Sandy soil layer ② 19.0 0.32 50 20.2 25.4
Clay soil layer ② 19.5 0.40 18 40.5 12.2
Sandy soil layer ③ 19.8 0.30 70 30.7 20.6
Clay soil layer ③ 20.6 0.38 40 50.9 10.8

TABLE 2 | Yield acceleration of the bank slope at different groundwater levels.

Groundwater level (m) Yield acceleration (m/s2)

2 3.15
4 3.02
6 2.75
8 2.40

FIGURE 8 | Shape of the critical slip surface.
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FIGURE 9 | Permanent displacements of the slope under different strengths. (A) Excess pore water pressure of slope toe. (B) Permanent displacement.

FIGURE 10 | Shaking table system. (A) Shaking table. (B) Hydraulic driving system.

FIGURE 11 | Monitoring system. (A) Operation table. (B) Monitoring system.

Frontiers in Earth Science | www.frontiersin.org December 2021 | Volume 9 | Article 7996129

Huang et al. Seismic Behavior Analysis of Bank Slope

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


response data of the slope (acceleration, displacement and
dynamic pore water pressure), as displayed in Figure 11.

Considering that the groundwater level in the slope is high, the
excess pore water pressure produced by seismic action is a main
factor influencing the permanent displacement. Therefore, four
dynamic pore water pressure sensors were set at positions where
sliding shear is most likely to occur, as shown in Figure 12. The
attributes of the sensors are listed in Table 3.

Considering the limitation of test conditions, it is impossible to
simulate a full-scale model, so it is necessary to make a reduced-
scale model for test based on the similarity law. According to the
theory of similarity law, the dynamic similarity conditions of the
prototype slope and model slope are shown as follows: similar

values of various parameters should be used in the two dynamic
physical processes, and similarity criteria composed of these
values are equal. For the slope, the prototype and model are
required to meet the similarity of single values under seismic
action (Guo et al., 2003).

When building the model, the filling density and water
content of the model should be controlled as consistent with
the prototype as possible, that is, the dimensionless coefficients
K of the model material and the prototype are approximately
equal, namely, CK � 1. Therefore, the main similarity constant
of the model can be simplified. The similarity rate of the slope
for the model made based on the prototype materials is only
related to CL and C|τ|. |τ| is affected by the lateral pressure
coefficient, slope height, and soil strength. Based on the above
principles and assumptions, the geometric similarity ratio CL of
the model is 20 considering the limit of the dimensions of the
equipment in the test (the dimensions of the model box are 1 m
× 2 m). The coefficient of Earth pressure at rest is k � μ/(1 − μ),
in which μ represents Poisson’s ratio and dimensionless index
n � 2. The dynamic shear modulus and damping ratio of soil in
different layers of the slope determined through dynamic
triaxial tests are shown in Figure 13. Based on similarity
ratios of the above main physical quantities, the similarity
relationships of other physical quantities can be derived, as
listed in Table 4.

In this test, the model box was made of steel plates and organic
glass. The lateral boundary waves were absorbed by flexible clay
materials on the inner wall of the model box to simulate the
boundary of soil. Before piling up the sandy slope, to keep sand
as uniform as possible, the sand was stirred repeatedly by using a
spade. According to the similarity law, the slope height is 0.5 m and
the slope angle is 45°, as shown in Figure 14. A water pipe was

FIGURE 12 | Schematic diagram for the layout of sensors.

FIGURE 13 | Dynamic shear modulus and damping ratio. (A) Sandy soil. (B) Clay soil.

TABLE 3 | Attributes of sensors.

Type No Parameter Sensor

Dynamic pore water pressure sensor K1∼K4 Range: 100∼ +200 Kpa
Accuracy: 0.15%FS
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connected to one side of the slope for water injection so that the
groundwater level was controlled at a fixed depth to simulate the
groundwater level on one side. In this test, the case with an actual
groundwater level Hw � 6m in Figure 7 was selected for simulation
and the groundwater level in the test was 0.3 m. A water tap at the

lower part of the other side of the corresponding model box was
turned on (the water tap was connected to a hose that was fixed at the
same height as the slope toe to simulate the principle of a connector
so that the groundwater water was always controlled at the height of
the slope toe). After injecting water for a long time to form a stable
seepage field in the slope, seismic excitation began to be applied.

Comparative Analysis of Slip Surfaces
The seismic action further enhances the interaction between
groundwater and soil so that the pore water pressure increases
abruptly, which greatly affects the stability of the slope. At first,
the dynamic pore water pressures at four monitoring points K1,
K2, K3, and K4 of the slope were compared at the groundwater
level of 0.3 m, as shown in Figure 15.

It can be seen from Figure 15 that the dynamic pore water
pressure at the slope toe is obviously greater than that at other
positions under the seismic action. Through analysis, the dynamic
pore water pressure at the slope toe rises suddenly because of the
joint effect of the seismic action and the seepage force inside the

TABLE 4 | Similarity relationship of physical quantities of the test model.

Physical quantity Similarity relationship Similarity constant

Length L CL 20
Density ρ Cρ 1
Acceleration a C|τ|C−2/n

ρ C−1
L 0.45

Dynamic shear modulusGmax CKC1/n
ρ C1/n

L
3.16

Vibration speed v C|τ|C1/−2
K C3/−2n

ρ C1/−2n
L

0.47

Vibration frequency w C1/−2
K C1/−2n

ρ C2n−1/−2n
L

0.11

Dynamic displacement u C|τ|C−1
K C1/−n

ρ Cn−1/−n
L

20.25

Vibration time T C1/−2
K C1/−2n

ρ C2n−1/−2n
L

9.45

Strain level c/�c Cc/�c 1

FIGURE 14 | Test model of the slope. (A) Initial model. (B) Protection structure. (C) Simulation of the groundwater level. (D) Connection with an outside
drainage pipe.

Frontiers in Earth Science | www.frontiersin.org December 2021 | Volume 9 | Article 79961211

Huang et al. Seismic Behavior Analysis of Bank Slope

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


slope, and then it gradually stabilizes as the groundwater seeps out of
the ground surface. On this basis, the formation process of the
progressive slip surface in the slope under the seismic excitation in
Miyagi Prefecture in the test was analyzed at first, as shown in

Figure 16. The whole process was recorded in the test, while only
some of the pictures are displayed.

As displayed in Figure 16, the pore water pressure inside the
slope rises all of a sudden under the seismic action so that the
effective stress of the slope reduces and cracks occur to the
slope toe at first. Then, with the cumulative growth of the
earthquake-induced excess pore water pressure, cracks at the
slope toe further expand, accompanied by local slip, which is
consistent with the abrupt increase in the pore water pressure at
the slope toe in Figure 16. Afterward, the slope top is vibrated
more intensely under the sustaining seismic action than the
lower part due to the magnification effect of the ground motion
acceleration, so the slope top is cracked. Because of numerous
cracks at the slope toe, the support force at the bottom of the
slope reduces gradually so that the landslide happens there
finally under the joint effect of the earthquake and the
gravitational force of the top soil. The shape of the slip
surface can be clearly seen from Figure 16B after the slope
slides, which matches well with that of the critical slip surface
determined by the proposed method in Figure 8 on the whole,
whereas certain discrepancy also exists. This is because the test
model is a reduced-scale model, whose fabrication may incur
certain errors so that certain discrepancy is present on the slip
surface, which is however acceptable. Moreover, the failure law
of the slope obtained in the research agrees with the practical

FIGURE 15 | Cumulative development of dynamic pore water pressures
in the slope.

FIGURE 16 | Formation process of the critical slip surface at the slope toe. (A) Shear failure at the slope toe. (B) Formation of a critical slip surface. (C) Sliding and
stacking of a cracked sliding body at the slope toe.
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failure law of the slope during the earthquake in Miyagi
Prefecture. Even low slopes of bank may also be damaged by
the earthquake-induced excess pore water pressure if the
foundation or filling body is water-rich sand formation or
weak viscous formation. This further verifies reasonability of
the test model established in the research.

Comparative Analysis of Permanent
Deformation
By arranging displacement transducers at different locations in the
test, the cumulative permanent displacement of the slope in the
earthquake process was well measured. In addition, the whole slip
process of the slope was recorded by a camera. The permanent

FIGURE 17 | Permanent displacements of the slope. (A) Groundwater level of 0.1 m. (B) Groundwater level of 0.2 m. (C) Groundwater level of 0.3 m. (D)
Groundwater level of 0.4 m.

FIGURE 18 |Comparison of the test value with the calculation results using the proposedmethod. (A)Comparison of permanent displacements. (B)Deviation from
the test value.
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displacements of the slope at groundwater levels of 0.1, 0.2, 0.3, and
0.4 m were taken, as displayed in Figure 17.

As displayed in Figure 17, the permanent displacement of the
slope constantly increases with the rise of the groundwater level,
accompanied by an increase trend of the collapse and sliding
scale. The failure mode of the slope remains basically consistent at
different groundwater levels: that is, the slope toe collapses at first;
then cracks occur at the slope top; the slope toe slides and shows
shear failure under the sustaining seismic action. The permanent
displacement of the slope is maximum (about 12.5 cm) at the
groundwater level of 0.4 m.

To further verify reliability of the proposed method, the test
model was taken as the computing object, whose permanent
displacement was calculated using the proposed method. The
calculation results were then compared with the results of the
shaking table testing, as shown in Figure 18.

It can be seen from Figure 18 that the permanent displacement
of the slope calculated using the proposed method coincides well
with the test results, with the maximum deviation of about 14%.
The deviation occurs mainly because the slip surface in the multi-
layer slope is simplified by the proposed method as the
accumulation of multiple logarithmic spirals, which differs to
some extent from the actual shape of the slip surface. However,
the error of the permanent displacement calculated using the
proposed method with the test results is within the engineering
allowance range. Furthermore, the test also shows that a deposit is
formed after the initial slip and collapse of the slope, which keeps a
new equilibrium. The slope will be at a stable state if the sliding
body is removed. The safety factor of the slope is lower than one at
the initial slip and fluctuates up and down around one under the
sustaining seismic action, while the permanent displacement
accumulates constantly. Therefore, it is more reliable and
economical to judge stability of the slope further according to
the permanent displacement after the slip and then taking
corresponding reinforcing measures.

In summary, the proposed method is applicable to evaluation
of the stability and permanent deformation of multi-layer water-
bearing slopes. By setting certain assumptions, the research
proposed the calculation method for permanent deformation
of the multi-layer slope under influences of earthquake-
induced excess pore water pressure and used logarithmic
spirals to consider collapse and slip forms of such slope. It
means that it is very important to determine whether the slip
and collapse mechanism of the slope is within the application
scope of the proposed method to ensure the accurate prediction
of the permanent deformation of the slope during an earthquake.

CONCLUSION

Based on the Newmark’s method, the analysis method for
stability of the slope under seismic action considering
influences of the excess pore water pressure was put forward.
In addition, the influences of the excess pore water pressure on
the seismic stability of the slope at different groundwater levels
were analyzed. In this way, the following main conclusions are
obtained:

1) The analytical method for the composite critical slip surface in
the multi-layer water-bearing slope considering influences of the
earthquake-induced excess pore water pressure was proposed
based on the Newmark’s method. On this basis, the evaluation
method for influences of the excess pore water pressure on the
permanent displacement of the slope under the seismic action
was established. Finally, the shape of the slip surface and
permanent displacement of the test model attained in the
shaking table testing match well with the calculation results of
the proposed method. It indicates that the proposed method is
applicable to the evaluation of the stability and permanent
deformation of multi-layer slopes, and it provides a simple
and convenient method for evaluating stability of water-
bearing slopes for engineering technicians of slopes.

2) The slip surface at different groundwater levels is found to show
a basically consistent shape by analyzing influences of the excess
pore water pressure under the condition on the formation of the
composite critical slip surface in multi-layer bank slopes using
the proposedmethod. However, the slip surface of the soil mass
above the seepage line extends to the interior of the slope less
apparently compared with that below the line. It suggests that
soil mass above the seepage line is not influenced by the excess
pore water pressure as the groundwater level rises, and the
sliding body there exhibits small changes in the sliding scale
under the seismic action. The soil mass below the seepage line is
affected by the excess pore water pressure, so the slip surface
extends constantly toward the inside of the slope, leading to the
increasing sliding scale.

3) Based on the shaking table testing of a reduced-scale model,
the progressive slip process of the bank slope was reproduced,
and the composite critical slip surface and the cumulative
changes of the permanent displacement of the test model were
determined. It reveals that the bank slope is influenced by the
excess pore water pressure, showing tensile cracks at the slope
toe at first and then slip and collapse of the upper soil layer
under the joint effect of the earthquake and the dead weight.
Because the slope toe is at a location under the coupling effect
of the earthquake and groundwater, the excess pore water
pressure there abruptly accumulates and rises. As a result, the
slope toe is most likely to become the shear crack of slip and
the failure mode of the bank slope at different groundwater
levels is manifested as shear sliding at the toe and tensile
fracture at the top as a whole.
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