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In this article, a centrifuge shaking table model test of anchored stabilizing piles for
strengthening landslides was established, and the dynamic response characteristics of
the pile–anchor–slope under earthquake action were analyzed. On this basis, combined
with the fuzzy gray relational analysis and the rank-sum ratio method, the correlation
between the amplification of the acceleration response of the heterogenous slope and the
dynamic response of the support structure was explored. Based on the obtained results,
relevant suggestions for engineering design were proposed. The results showed that the
seismic amplification of the complex soil–rock slope reinforced by the pile–anchor
structure was not uniform and the amplification coefficient had strong variability.
Among them, the amplification coefficient of the slope, dynamic earth pressure, and
dynamic bending moment of the pile near the connection of the pile–anchor cable
continued to increase; the correlation between the seismic amplification and the
seismic behavior of the pile–anchor structure is different at different positions of the
slope. The measurement points with a higher comprehensive ranking of correlation are
mainly concentrated in the pile–anchor connection, the middle of the slope, and the high-
angle soil–rock interface. It is related to the geometric characteristics of the model and the
high seismic amplification of the slope; for the pile–anchor connection part and the high-
angle soil–rock structure surface of the slope, the shock absorption measures and
grouting strength of the anchor cable’s anchoring section should be considered in the
engineering design.

Keywords: centrifuge shaking table test, anchored stabilizing pile, fuzzy gray relational grade, rank sum ratio
method, data mining

1 INTRODUCTION

Strong earthquake action and complex geological conditions inevitably lead to a large number of
earthquake landslides. Landslides induced by large earthquakes have a strong disaster-causing
capacity. In the early 21st century alone, tens of thousands of people have been killed and billions of
dollars have been lost (Huang and Li, 2009; Halder et al., 2021; and Hu H. Q et al., 2021). Therefore,
utilizing reinforcement technologies to improve the stability of slopes in seismically active areas has
become one of the popular research topics in the field of geological disaster prevention (Liu et al.,
2021; Chen et al., 2022).

As a new reinforcement technology, anchored stabilizing piles can effectively improve
slope stability and thus have been applied to treat large or super large landslides in many
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countries (Wang, 1998; Zhao, et al., 2017). The Wenchuan
earthquake damage investigation found that the slope
reinforced with pre-stressed anchored stabilizing piles was not
damaged when the fortification intensity of the structure was
exceeded and has good seismic resistance (Zhou et al., 2010). So
far, the quasi-static method has been adopted in the seismic
design of anchored stabilizing piles, which lacks a recognized and
reasonable method system and ignores the influence of the
seismic dynamic effect. Due to the complex stress system of
the structure, the action mechanism of the anchor cable and the
dynamic interaction of pile–anchor–soil mass are still unclear.
The seismic response law of the anchored stabilizing pile is to
reveal the seismic mechanism and failure mode of the anchored
stabilizing pile, the dynamic interaction law of the
pile–anchor–slope mass, and establish a scientific foundation
for the seismic design method. Therefore, the research on the
dynamic response of anchored stabilizing piles has an important
theoretical value.

Field measurement and physical model tests are the most
reliable methods to study the mechanical properties of anchored
stabilizing piles. Recently, a series of 1-g large-scale shaking table
tests have been conducted to analyze the mechanical
characteristics of anchored stabilizing piles and slope
deformation (Ma et al., 2019; Hu M. M et al., 2021). However,
these tests can only qualitatively reveal the seismic response law of
the anchor–pile structures because the 1-g shaking table test
cannot simulate the actual stress–strain relationship in the field
(Garala and Madabhushi, 2019). Especially in tests related to
slope stability, the influence of the slope self-weight is significant.
Meanwhile, the nonlinear change in the in situ modulus and the
modulus with a strain in the soil has a strong impact on
soil–structure interaction (Finn et al., 1986). This can also
affect the deformation and displacement of the slope, thus
making the dynamic behavior of retaining structures
unreliable. In contrast, the centrifuge test can simulate real
gravity through the centrifuge force formed by high-speed
rotation. Therefore, this technology can effectively reflect the
stress field of the prototype and has been widely applied to many
fields (Zelikson et al., 1983; Ghosh and Madabhushi, 2007).
Unfortunately, only a few studies have used this technology to
analyze the seismic performance of anchored stabilizing piles.
Zheng et al. (2016) conducted a centrifuge shaking table test to
discuss the seismic response characteristics of a slope reinforced
by anchored stabilizing piles and determined the distribution of
soil pressure and the bending moment of the pile and its variation
laws with different input ground motions. Huang et al. (2020)
used a silica gel model instead of soil to examine the seismic stress
characteristics and ultimate failure mode of the pile–anchor
structures when the slope continued to slide along the circular
arc sliding surface. In addition, the theoretical calculation model
is also one of the reference methods to explore the pile–soil
interaction. Ni et al. (2017) proposed the deflection model of the
pile under transverse load and deduced the distribution mode of
surrounding soil displacement and earth pressure.

The existing tests based on a 1-g shaking table or the centrifuge
shaking table mainly focused on the seismic capacity of the
retaining structure but ignored the influence of the slope

response on the structures. Recent studies have demonstrated
that the propagation of a ground motion in nonuniform slopes is
very complex and can significantly affect the mechanical behavior
of structures (Veletsos and Younan, 1997; Gazetas et al., 2004;
Psarropoulos et al., 2005). This may cause the actual response of
the project to not meet the expectations and has been confirmed
in many earthquake investigations (Zhang et al., 2012; Liu et al.,
2016). Therefore, it is necessary to study the correlation between
the seismic response of the slope and the seismic behavior of the
anchored stabilizing piles.

The methods of analyzing data relevance generally include
mathematical statistics, machine learning, and gray relational
analysis. However, there are some problems in mathematical
statistics, such as regression analysis, analysis of variance, and
principal component analysis. This method does not apply to the
dynamic response model test results with a complex and no
obvious probability distribution form. With the development of
computers, machine learning has been gradually introduced into
the field of geotechnical engineering and has played an important
role in many directions (Ni et al., 2018; Ni and Mangalathu, 2018;
Ni et al., 2020). However, due to limited data of the centrifugal
shaking table test of anchored stabilizing piles, this method has
not been applied. Fortunately, gray relational analysis solves this
problem well. This method is also applicable to the number of
samples and whether the samples are regular (Deng, 2002).

In this study, centrifuge shaking table tests of reinforcing an
accumulation landslide with anchored stabilizing piles are
conducted. Based on the test results, the correlation between
the slope seismic response and pile mechanical parameters was
discussed using fuzzy gray relational analysis (FGRA). In
addition, combined with the rank-sum ratio (RSR) method,
the influence classification of the amplification effect of
different slope positions was further divided to give targeted
suggestions for engineering design and reinforcement. The results
may provide a reference for the optimal design of anchored
stabilizing piles.

2 CENTRIFUGE SHAKING TABLE TEST

The test model adopted the large-scale geotechnical centrifuge
physical simulation system of Zhejiang University, including the
ZJU400 geotechnical centrifuge, electro-hydraulic servo shaking
table, and rigid wall model box. The reliability of this test system
has been verified many times (Sun et al., 2020; Yan et al., 2020).
The relevant design parameters of the ZJU400 centrifuge and its
shaking table are referred to in some previous studies (Zheng
et al., 2016).

It is worth noting that because the model box belongs to finite
boundary conditions during dynamic tests such as the seismic
loading test, the input ground motion will be reflected when it
propagates to the boundary of the model box, resulting in data
distortion. Some scholars have developed a layered shear model
box which effectively eliminates the reflection of the ground
motion boundary under its small shear resistance, but this
model box has little effect on the model with large stiffness.
Therefore, after comprehensively considering the test model and
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test equipment in this study, we decided to adopt the fixed-wall
rigid model box bearing model. In addition, to avoid the influence
of possible boundary effects brought by the rigid model box on
the test results, we used DUXSEAL to absorb the ground motion
transmitted to the boundary. This method draws on previous
related studies (Heron et al., 2015; Cilinger and Madabhushi,
2011). In this research, the absorbing material with a thickness of
25 mm was used. In addition, vaseline was applied on the left and

right sides of the model box in the vertical loading direction to
reduce the friction between the geotechnical model and the box.

Although the research purpose of this study is not to evaluate
the seismic capacity of specific projects, the establishment of the
test model has been referred to the anchored stabilizing pile
reinforcement project found by Liu et al. (2016) so that the
research results can be used as a reference in the design of other
similar projects. The centrifuge acceleration of the test was set to

TABLE 1 | Similarity scale of the test model.

Parameter Physical quantity Symbol Similarity scale (model/prototype)

Geometric dimension Length L 1/50
Area A 1/502

Volume V 1/503

Displacement u 1/50
Mechanical property Axial force F 1/502

Bending moment M 1/503

Stress σ 1
Strain ε 1

Dynamic characteristic Time (dynamic) t 1/50
Peak acceleration Amax 50
Speed v 50
Frequency f 50

FIGURE 1 | Model structure and sensor distribution.
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50 g, and the scaling laws are given inTable 1. The selection of the
centrifugal similarity scale is referred to in previous related
studies (Yan et al., 2020). The geometric dimensions and
sensor positions of the test model are shown in Figure 1. A
variety of sensors were used to obtain the test records of different
parameters, including earth pressure sensors (0–1 MPa, 1 %FS),
bending moment strain gages (2000 microstrain, 0.1%), axial
force sensors (Zheng et al., 2016), micro acceleration sensors
(0–50 g, ≤5%), and displacement sensors (±20 mm, 0.03%FS). All
types of sensors were calibrated before the test and connected
with the automatic acquisition equipment of the centrifuge
during the test.

The sliding mass and bedrock were simulated by the remolded
prototype slope Xigeda soil and cement soil (silty clay: cement:
quartz sand: water = 1: 0.55: 1: 0.25). To obtain the total shear
strength parameters (cohesion c and internal friction angle φ) of
the simulated material, the failure strength of specimens under
different confining pressures was obtained by the unconsolidated
undrained triaxial test; then, the Mohr circle and shear strength
envelop of the sample were drawn according to the
Mohr–Coulomb criterion, and the relevant parameters were
obtained. The shear strength parameters of the sliding surface
were obtained through the quick shear test in which the cohesion
and internal friction angle of the soil rock contact surface is
3.58 kPa and 14.7,° respectively. Other parameters are shown in
Table 2. It is worth noting that in this test, the bedrock only plays
the role of support, so it does not involve problems similar to the
prototype. The selection of material strength is referred to in
some previous studies (Zheng et al., 2016).

The model pile and anchor cable are simulated by five hollow
aluminum alloy pipes with a wall thickness of 2.5 mm and a steel
strand with a diameter of 1 mm. The ratio of pile spacing to pile
width is S/D = 3.33. The dimensions of the reinforced structure,
such as length of the pile, length of the anchor cable, and
anchorage position, are shown in Figure 1.

Model preparation was conducted in a rigid model box. First,
the slope contour was drawn inside the model box, the pile
position was designed in advance, and the model pile was fixed.
The slope was formed through dynamic compaction and slope
cutting. In the process, the model pile was constantly examined to
see if it deviated from the predesigned pile position. In the

bedrock forming process, the anchor cable was embedded.
When the model was accomplished, the box was installed on
the shaking table.

The input ground motion adopted the Qingxi bedrock wave of
the Wenchuan earthquake provided by Liu et al. (2013).
According to the ground motion loading scheme presented in
Table 3, the maximum amplitude range of the input ground
motion in seven stages (i.e., EQ1–EQ7) was between 0.1 and 0.4 g.
Not only the increase in the seismic intensity at the 0.1-g interval
adopted in most studies was considered but also the same
intensity (EQ4, EQ6, and EQ7) was set in three stages. As an
example, the acceleration time history and Fourier spectrum of
A0 at EQ1, with a PGA = 0.118 g, are shown in Figure 2. It is
worth noting that the cumulative loading and continuous loading
mentioned here only refer to whether the input ground motion
peak value is the same as that of the previous stage and does not
refer to different loading methods. Its purpose is mainly to enrich
the variation of ground motion.

3 TEST RESULTS

3.1 Displacement
The displacement and settlements of the pile head and slope at
each event are presented in Figure 3, where it can be seen that the
displacement of the pile head is positive in the direction away
from the slope, while the settlement of the slope is positive in the
downward direction. The settlement and displacement here refer
to the dynamic peak value in the response stage and not the

TABLE 2 | Model material parameters.

Position Model Prototype

Stabilizing pile Cantilever length (m) 0.19 9.5
Embedded length (m) 0.09 4.5
Bending stiffness (GPa*m̂4) 30.44 30
Material Rectangular section aluminum alloy pipe (Section 30 × 40 mm) Reinforced concrete (Section 1.5 × 2 m)

Anchor cable Prestress (kN) 0.049 122.5
Slide mass Density (g/cm̂3) 1.829 1.829

Moisture content (%) 18 18
Internal friction angle (°) 16.14 16.14
Cohesion (kPa) 58.70 58.70
Material Remolded soil Silty clay

Bedrock Internal friction angle (°) 40.5 —

Cohesion (kPa) 257 —

Material Cement soil Mudstone

TABLE 3 | Ground motion loading scheme.

Loading stage Input ground motion intensity/g Loading type

EQ1 0.1 Continuous loading
EQ2 0.2 Continuous loading
EQ3 0.3 Continuous loading
EQ4 0.3 Cumulative loading
EQ5 0.4 Continuous loading
EQ6 0.4 Cumulative loading
EQ7 0.4 Cumulative loading
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cumulative value. In the whole process, the periodic
displacements of the top and the shoulder of the slope show a
similar movement trend. When the earthquake intensity
increased, the settlement of the slope also increased, but when
the intensity was unchanged, the settlement decreased. One
possible reason for this change is considered to be that the
ground motion of the previous stage makes the slope material
more compact, thereby reducing the peak dynamic settlement
(displacement) in the next adjacent stage of the same input
strength. The slope settlement in the loading growth stage is

much larger than that in the adjacent stable stage. Even for EQ6
and EQ7 with high strength, the settlement deformation
decreases gradually. It should be stated that the test results in
this study are displayed after being converted to the
prototype size.

Before EQ5, the variation trend of the pile head’s
horizontal displacement with seismic intensity is the same
as that of the slope settlement. However, during multiple
high-intensity earthquakes (EQ5–EQ7), the pile head
displacement continued to increase, even when there is
only a small increase. It is worth noting that the first high-
intensity earthquake EQ5 causes a more obvious settlement of
the slope than earthquakes EQ1–3. Although the subsequent
settlement decreased, the settlement is still larger than that of
the medium- and low-intensity earthquakes. This also makes
the pile body tilt out to resist slope sliding, resulting in a
continuous increase in the pile head displacement.

3.2 Slope Amplification
Acceleration measuring points are divided into three groups
according to their spatial position, as shown in Figure 4A:
Group A (GA) includes three measuring points, which are
located behind the pile, representing the upper, middle, and
lower parts of the cantilever section of the pile body.
Measuring points A4 and A6 are close to the soil rock contact
surface and anchor cable, respectively. Group B (GB) comprises
measuring points on the slope surface and slope top, where the
amplification effect is obvious. Group C (GC) includes the
measuring point A9 which is located at the center of the slope
and measuring points A8, A11, and A14 which are near the
bedrock surface.

FIGURE 2 | Acceleration time history and Fourier spectrum of A0 during EQ1.

FIGURE 3 | Model displacement and settlement results.
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The variation curve of the amplification factor of GA with
elevation is presented in Figure 4B, where it can be seen that
the peak ground acceleration (PGA) amplification factor
shows a significant elevation amplification effect, which
increases with the elevation. With the change in the input
ground motion intensity, the change in each measuring point
shows different trends. The amplification factor of the
measuring points increases with the earthquake intensity
but decreases slightly under a high-grade earthquake with
the same intensity. The amplification factor of A6 is the
largest, especially under high-intensity earthquakes, when it
can reach more than 3.0. This is due to the topographic effect,
site conditions, and dynamic interaction of the structure
and slope.

As shown in Figure 4C, the amplification factor of
measuring points in GB also increases with the earthquake
intensity but decreases in varying degrees under subsequent
earthquakes with the same intensity. The amplification factors
of this group are concentrated between 1.25 and 2.25, showing
an obvious topographic amplification effect. This is because
the measuring points of GB are found near the free surface of
the slope surface. The magnification effect becomes more

pronounced as the distance from special terrains such as
slope corners decreases.

In contrast to general expectations, the acceleration
amplification factor of the measuring point on the slope in
GC does not increase with the elevation, as shown in
Figure 4D. This phenomenon could be attributed to the
influence of the slope structure on seismic wave
propagation. The reflection and refraction, including the
surface and bedrock surface, and the phase difference of
the seismic waves during the wave propagation could
reduce the acceleration amplification effect to a certain
extent. Similar phenomena have been noted by Bouckovalas
and Papadimitriou, 2005.

In general, different from the homogenous slope
amplification, the slope with a complex soil–rock interface
strengthened by a pile–anchor structure is very uneven, and
the amplification factor shows strong variability. This means
that a quasi-static method may have a higher risk in the
seismic design of slopes similar to the model considered in
this study because the nonuniformity of the ground
motion distribution is not considered (Seed and Whiteman,
1970).

FIGURE 4 | PGA amplification factor results: (A) Grouping of acceleration measuring points; (B) the results of GA; (C) the results of GB; and (D) the results of GC.
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3.3 Structure Response
3.3.1 Dynamic Earth Pressure
The peak value variation of the pile with the earthquake
intensities is shown in Figure 5A, where it can be seen that
dynamic earth pressure increased with the elevation. T1 near
the anchor cable is the largest, and T4 near the bedrock surface
is the smallest. With the change in the earthquake intensity,
the change law of different measuring points is different. T1
continued to increase, even under the high-strength processes
EQ5–EQ7, which could be related to the pile–soil compression
caused by anchor cable traction. For other measuring points,
at medium and low intensities, the dynamic earth pressure
increases and decreases under continuous action of the same
intensity. This trend is consistent with the dynamic settlement
of the slope. Under large earthquakes (EQ5–EQ7) with a PGA
of 0.4 g, the dynamic earth pressure of T2 continues to
increase, while that of T3 and T4 either decreases or
remains unchanged. This indicates that the pile–soil
compression caused by the anchor cable traction decreased
with the elevation, but it significantly affected the stress on the
upper part of the pile at a high seismic intensity.

3.3.2 Dynamic Bending Moment
The variation curve of the pile dynamic bending moment with
seismic intensity is shown in Figure 5B. In this study, the bending
moment is positive when the pile body is pulled on the side of the
slope. Except for Y1, which has a negative bending moment, the
other measuring points have positive bending moments. The
dynamic bending moment first increased and then decreased
from the pile top to the end, and Y4 reached the maximum in the
middle of the pile. The negative bending moment near the anchor
cable indicates that the tension of the anchor cable makes the pile
deform inward. The variations of different measuring points with
the earthquake intensity can be divided into two categories: Y1,
where variations continued to increase and are not sensitive to the
seismic intensity changes, and the category that included all other
measuring points, where variations increase when the earthquake
intensity changes but decrease when the earthquake intensity is
unchanged.

3.3 3 Anchor Force
The peak axial force of the anchor cable obtained under
different seismic events is shown in Figure 5C. Regardless

FIGURE 5 | Variation curve of the peak value of pile dynamic behavior with input ground motion intensity: (A) The peak dynamic earth pressure of the pile; (B) The
peak dynamic bending moment of the pile; (C) The peak axial force of the anchor cable.
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of the seismic intensity being increased or staying unchanged,
the peak axial force of the anchor cable always increases and is
not sensitive to the input ground motion loading mode. This
trend may affect the behavior of the piles near the anchor
cable so that the dynamic earth pressure and dynamic
bending moment near the anchor cable have similar
changing trends.

4 DATA MINING METHODS

The centrifuge model test results show that there may be some
fuzzy correlations between the seismic response of the slope
and the behavior of the pile–anchor structure. This ambiguous
correlation can be used for data mining by using the gray
relational analysis (GRA). Compared with other data mining
methods, the gray relational analysis method is equally
applicable to the size of the sample and regularity of the
sample. Therefore, it is suitable for the analysis and evaluation
of a slope under an earthquake, which is limited, complex, and
highly uncertain.

4.1 Gray Relational Analysis
GRA is an integral part of the gray system theory. Compared with
Pearson’s correlation coefficient, maximum mutual information
coefficient (MIC), and other evaluation methods with high
requirements for data linearity or sample number, the main
advantage of GRA is that it can be used in the case of limited
data to determine the correlation between various change and
reference factors. The correlation is expressed in gray relational
grade, and the greater the gray relational grade is, the better the
correlation is. The essence of this method is to explore the
correlation between different factors by comparing the
similarity of the curves. The specific calculation method is as
follows (Deng, 2002):

Let the reference sequence be Xi � {xi(k)|k � 1, 2, . . . , n} and
the comparison sequence be Yj � {yj(k)|k � 1, 2, . . . , n}, where
i � (1, 2, . . . , t) and j � (1, 2, . . . , m). Then, the gray relational
coefficient of xi(k) to yj(k) is given by

ξij(k) � Δmin + θΔmax

Δij(k) + θΔmax
(1)

where Δmin � minjmink|xi(k) − yj(k)|; Δmax � maxjmaxk|xi(k) − yj(k)|;
Δij(k) � |xi(k) − yj(k)|; θ is the identification coefficient, and θ ∈ (0, 1), and
usually used as 0.5.

The gray relational grade can be obtained by averaging the
gray relational coefficient, which can be expressed as follows:

λij � 1
n
∑n

k�1ζ ij(k) (2)

4.2 Identification Coefficient Optimization
In Eq. 1, the identification coefficient is usually determined
subjectively, and there has been no general solution to the
resolution coefficient, which greatly affects the correlation
degree value and ranking results, so it is not applicable to
most cases. To address this problem, this study further
processes data using many improved methods (Xu and Xu,
2011; James et al., 2013; Gao et al., 2018; Ren et al., 2020),
which are explained in the following section.

In practical problems, the dimension and order of magnitude
of the reference and comparison sequences are usually different,
and their effects on the mechanical characteristics of the support
structure are also different, which requires further analysis. The
usual approach is to normalize data using positive, negative, and
other types of normalization. However, such an approach can
significantly change the original characteristics of the curve, and
the data considered in this study cannot adopt the evaluation
criteria of “the larger, the better” or “the smaller, the better.”
Therefore, the initial value processing method was adopted for
comprehensive consideration, which was given by Gao et al.,
(2018)

x′
i(k) �

xi(k)
xi(1) (3)

According to Eq. 1, the identification coefficient θ actually acts
as a weight of Δmax. Therefore, to consider the integrity of the
correlation degree fully, namely, to not only consider the
correlation between the correlation degree coefficient and xi(k)
and yj(k) but also the influence of other factors, the identification
coefficient was determined by the following method (Su et al.,
2012):

TABLE 4 | Example sequence of the fuzzy correlation degree.

Sequence Test no.

1 2 3 4 5 6 7

X1(k) 1 2 2.5 2.5 3 5 6
Y1(k) 1 1.8 2.3 2.4 2.8 4.8 5.8
Y2(k) 1 2.17 2.5 2.1 3 4.1 5.8

FIGURE 6 | Comparison chart of the variation trend of example
sequences.
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Δs � 1
mn

∑m

j�1∑n

k�1
∣∣∣∣∣x′

i(k) − y′
j(k)

∣∣∣∣∣ (4)

where m and n denote the number of comparison sequences and
the amount of sequence capacity, respectively.

When η � Δs
Δmax

, the value range of the identification coefficient
is θ′ ∈ [η, 2η]. In addition, according to different situations, the
resolution coefficient should also meet the following two
conditions:

η≤ θ ≤ 1.5η (Δmax > 3Δs). (5)
1.5η≤ θ ≤ 2η (Δmax ≤ 3Δs). (6)

At this point, Δmin
′ � min

k
min
j
{x′

i(k) − y′
j(k)} and

Δmax
′ � max

k
max

j
{x′

i(k) − y′
j(k)}. The advantage of

determining the identification coefficient in this way is that
when the difference at a certain point is large (i.e., the
correlation of other values is strong), the identification
coefficient will obtain a smaller value to strengthen the
integrity of the gray relational grade and avoid inaccurate
calculation results in extreme cases.

4.3 Gray Relational Grade Optimization
The traditional gray average correlation degree calculation
method considers that the sum of gray relational coefficients
remains unchanged, ignoring the fact that local similarity is the
premise of overall similarity, which can lead to wrong
conclusions. The data in Table 4 are taken as examples and
drawn in Figure 6. For sequences X1, Y1, and Y2, it can be seen
that the development trends of Y1 are much closer to those of X1

than of Y2. However, the gray relational grade of the two is 0.7542
and 0.7544, respectively, indicating the opposite result from the
figure and is unreasonable. Therefore, this study selects the gray
Euclidean relational grade (Yang et al., 2011) for calculation,
which is given by

λij
′ � 1 − dij � 1 − 1�

n
√

���������������∑n

k�1(1 − ξij(k))2
√

(7)

where dij is the Euclidian distance and λij′ is the fuzzy gray
relational grade between sequences X′

i and Y′
j. Using the

improved correlation degree calculation method, it can be
inferred that λ11′ � 0.731> λ12′ � 0.6545.

4.4 Comprehensive Discrimination Based
on the RSR Method
The gray relational grades of the reference and comparison
sequences can be obtained through the fuzzy gray relational
grade analysis, however, when the reference sequence changes,
the ranking of the gray relational grade may be different and not
conducive to comprehensively judging the correlation of the
system factors. Fortunately, the rank-sum ratio (RSR) method
can effectively carry out a comprehensive discrimination for
complex sorting.

The RSR method (Wang et al., 2015) performs an overall
ranking based on the dimensionless statistics of 0–1 obtained
from the average value of the rank sum of the corresponding

comparison sequence under each index. In the experiment, the
rank of the same comparison sequence is taken under each
relevant reference sequence; the method of summing and
taking the average value was used to observe the impact of a
group of comparison sequences on the whole. In this way, the
problem that the fuzzy gray relational grade had too many results
when dealing with the ranking and evaluation of multiple
comparison sequences and multiple reference sequences of a
whole, which made obtaining the overall view difficult, was
solved. In addition, because the gray relational grade only had
practical significance in relative comparison and sorting, the
disadvantage of losing a certain amount of the original data in
the calculation process of the RSR method has also been
addressed. The calculation formula of the RSR value is as follows:

RSRj � ∑t
i�1Rij

m × t
(8)

where j is the number of evaluated units (or the jth comparison
sequence); i is the number of evaluation indicators (or the ith
reference sequence); and Rij is the rank of the jth comparison
sequence under the ith reference sequence. In particular, the
higher the RSR value is, the higher the ranking is.

5 RESULT ANALYSIS

According to the types of seismic response parameters of the
pile–slope-anchor system, the pile head seismic peak
displacement (PPERD), peak dynamic bending moment
(Y1–Y6), peak dynamic earth pressure (T1–T4), and peak
axial force (PC) of the anchor cable are determined as a
reference sequence, and the comparison sequence is designated
as the PGA amplification factor of the measuring points at
different positions, as presented in Table 5. The sample size of
each sequence is 7 due to the test events. It is worth noting that the
formulation rules of the comparison sequence made the
correlation ranking associated with the spatial position of the
measuring points. The gray relational grade is calculated by Eqs
1–6. Figure 7 shows the contour maps at some typical points,
while the sorting results of all parameters are given in Table 6.

As presented in Figure 7, the distribution of the gray relational
grades for different reference sequences shows the same trend. In
detail, all the calculation results are greater than zero, and the
shape of the isolines is crooked. That means the seismic responses
at all positions of the slope contribute to the dynamic behavior of
the pile, but the correlations are different, which is related to the
position of the acceleration measuring point. The measuring
points with a higher comprehensive ranking of correlation are
A6, A10, A14, A9, and A8. Among the measuring points, A6 has
the largest gray relational grade. It is located where the interaction
of slope, vertical free surface, and pile–anchor structure is
significant and where the amplification factor is significantly
high and abnormal. The peak dynamic earth pressure of the
pile near A6 is the largest, and the peak dynamic bendingmoment
shows a reversal from positive to negative. A8–A10 were located
in the middle of the slope, and the amplification factors of the
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three points are greater than those of the surrounding points,
especially when the earthquake intensity increased. During the
test, obvious cracks between the slope and the bedrock were
observed near A14, which could be attributed to the large contact
angle. The other measuring points in the ranking have no

special phenomenon on the ground motion parameters and
slope failure.

From the model test results, it is not difficult to find that the
slope acceleration amplification varied nonlinearly, while it can
be divided into three categories according to the maximum,

TABLE 5 | Summary of the fuzzy gray relational analysis sequences.

Simplified spelling Meaning

Reference sequence PPERD Peak displacement of the pile head under a seismic event
Y1–Y6 Peak value of the dynamic bending moment under a seismic event
T1–T4 Peak value of the dynamic earth pressure under a seismic event
PC Peak value of the anchor cable axial force under a seismic event

Contrast sequence A4–A15 PGA amplification factor of a measuring point

FIGURE 7 | Contour map of the gray relational grades at some typical measuring points: (A) The results of PPERD; (B) The results of T1; (C) The results of Y1; (D)
The results of PC.

TABLE 6 | Results of gray relational sorting.

No. PPERD PC T1 T2 T3 T4 Y1 Y2 Y3 Y4 Y5 Y6

1 A6 A6 A6 A6 A6 A6 A6 A6 A6 A6 A6 A6
2 A10 A10 A10 A10 A10 A10 A10 A14 A10 A10 A10 A10
3 A14 A14 A14 A14 A14 A14 A14 A10 A14 A14 A14 A14
4 A9 A9 A9 A9 A9 A9 A9 A9 A9 A9 A9 A9
5 A8 A8 A8 A8 A8 A8 A8 A4 A8 A8 A8 A8
6 A15 A15 A15 A15 A15 A15 A15 A8 A15 A15 A15 A15
7 A13 A13 A13 A13 A13 A13 A4 A13 A13 A13 A13 A13
8 A4 A4 A4 A4 A4 A4 A13 A15 A4 A4 A4 A4
9 A5 A5 A5 A5 A5 A5 A5 A5 A5 A5 A5 A5
10 A11 A11 A11 A11 A11 A11 A11 A11 A11 A11 A11 A11
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minimum, and median values. The three types of results are
shown in Figure 8 as descending orders and can be considered
the most dangerous, safest, and relatively moderate seismic action
experienced by the slope, respectively. It can be seen that about
60%–70% of the PGA amplification factor obtained by deploying
the measuring points is greater than the minimum amplification
factor of 1.2, which has been specified in Eurocode 8 (CEN
European Committee for standardization, 2003). This indicates
that the actual slope seismic response has exceeded the provisions
of the specification, which would affect engineering safety. If the
seismic design is fully considered according to the maximum
acceleration amplification factor, the engineering economy may
be unacceptable. Therefore, to comprehensively evaluate the
influence of slope amplification on the pile–anchor–slope
reinforcement system, the ranking results of the gray relational

grade and the classification results of slope acceleration
amplification factor should be considered together during the
RSR assessment, and the result is shown in Figure 9A.

Figure 9A shows that the high correlation is related to the high
amplification factor and the distance from the measuring point to
the pile, which conforms to St. Venant’s principle. In the RSR
ranking, A6 and A8–A10 are in the top five, indicating that the
high acceleration response inside the slope has a significant
contribution to the dynamic behavior of the pile–anchor
structure. Except the aforementioned measuring points, A14
ranked fourth, and the large inclination of the bedrock surface
near this point is not conducive to the stability of the slope.
Although A4 and A5 are close to the pile, the amplification factors
are just 1.13–1.47 and 0.92–1.05, respectively. In addition,
although the amplification on the slope crest has a limited

FIGURE 8 | PGA amplification factor ordering: (A–B–C) in the figure is the ranking result of the maximum value, minimum value, and median value of the PGA
amplification factor.

FIGURE 9 | Comprehensive evaluation results: (A) RSR ranking histogram (B) Slope risk zoning map.
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effect on the reinforced structure, it may influence the structures
built on the slope top which has been confirmed by Brennan and
Madabhushi (2009).

The RSR ranking results also show that some positions inside
the slope need special consideration in seismic design, rather than
assuming that the slope is subjected to the consistent seismic force
based on the quasi-static method. According to the acceleration
amplification effect and RSR ranking result, the slope can be
divided into three risk areas, as shown in Figure 9B. The high-
risk and potential-risk areas denoted areas where the RSR value is
higher than 0.6. The former is the area where the acceleration is
significantly amplified, while the latter is related to the slope
instability caused by the geometric parameters of the bedrock
surface. It may be one of the more possible strategies to add shock
absorption materials to high-risk areas with abnormal
acceleration amplification. Some 1-g shaker test results suggest
that additional shock-absorbing material is a possible treatment
(Ma et al., 2019; Pai and Wu, 2021). This can not only eliminate
the occurrence of unknown factors to a certain extent but also
reduce economic waste. For the potential-risk areas, it is
necessary to ensure that the grouting strength of the
embedded section of the anchor cable meets the design
standard to prevent the anchor cable from being pulled out
from the bedrock.

6 CONCLUSION

To study the correlation between slope amplification and the seismic
behavior of the pile, a centrifugal shaking table test was established
considering the effect of different seismic intensities, and the slope
amplification factor and pile mechanical parameter data of the
pile–anchor–slope reinforcement system were obtained. On this
basis, combined with the fuzzy gray relational analysis and the
rank-sum ratio method, the correlation between the amplification
of the acceleration response of the heterogenous slope and the
dynamic response of the support structure was explored. Based on
the obtained results, relevant suggestions for engineering design were
put forward. The main conclusions and suggestions are summarized
as follows:

1) The acceleration amplification of the slope body is uneven, the
amplification of the pile–anchor cable connection is the
largest, and the high-angle soil–rock interface is the
smallest. The variation law is consistent, and it increases or
decreases with the change of the input ground motion
intensity. Slope amplification inhomogeneity may cause
actual earthquake damage not to meet the design
expectations of the quasi-static method.

2) The peak value of the peak dynamic earth pressure of the
pile increases with the increase of the relative elevation and
the soil mass is squeezed by the pile-anchor joint, resulting
in the largest dynamic earth pressure near the top of the
pile, and the smallest T4 near the bedrock surface; the peak
dynamic bending moment of the pile is negative near the
top of the pile, gradually becomes positive as the elevation
decreases, reaches the maximum value near the bedrock

surface, and then gradually decreases; except for the
continuous increase of the dynamic soil pressure,
dynamic bending moment, and peak axial force at the
pile–anchor connection, the other measurement points
increase when the input ground motion intensity
increases but decrease when the input ground motion
intensity remains the same.

3) The comprehensive ranking of the FGRA-RSR method
shows that the magnification of different positions has
different effects on the seismic force of the pile. The
positions of the top 50% of the ranking are located in
the pile–anchor connection part, the middle of the slope,
and the high-angle soil–rock interface. Most of these
locations have high soil magnification or have obvious
geometric features. Therefore, it is necessary to consider
the shock absorption measures of the pile–anchor cable
connection and ensure the grouting strength of the anchor
cable anchoring section in the actual design.

The research in this article still has some limitations. This
mainly focuses on the lack of more available engineering cases
and model test data. Undoubtedly, more cases will make the
ranking results of the comprehensive evaluation more convincing
and can provide more valuable suggestions for engineering
practice. Unfortunately, there are, indeed, some objective
difficulties. In the follow-up, it may be considered to obtain
data in more cases using numerical simulation after calibration
based onmodel tests (Ni et al., 2018; Ni andMangalathu, 2018; Ni
et al., 2020).
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