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In this study, a nonlinear prediction model of antislide pile top displacement is proposed. Based on the quantitative analysis of the
rock mass structure characteristics of the soft and hard interbedded sliding bed in the Jurassic strata, the post-thrust force and
geometric characteristics of the top of antislide pile displacement, and bending moment, the main controlling factors affecting the
displacement of the top of antislide pile were determined by maximal information coefficient (MIC). Through orthogonal
experiment design and 3DEC numerical experiment, a database of main controlling factors (sliding bedrock inclination, thrust
size, embedded depth, and pile section size) of pile top displacement was established and a nonlinear prediction model of the
displacement of the top of antislide pile based on the main controlling factors was proposed. Finally, two engineering examples
were used to validate the performance of this model, with the comparisons of four prediction methods (SVR, MIC-SVR, LSTM,
and ELMAN). The results show that the MIC-SVR model has a practical reference value for the prediction of the displacement of

the top of an antislide pile in the Jurassic landslide in the Three Gorges Reservoir Area.

1. Introduction

Landslides widely occur in the Three Gorges Reservoir
Region in China [1-4]. Antislide piles balance the thrust of
the upper sliding body on the sliding surface through the
embedded force and passive resistance of the embedded
section to stabilize the ground and are widely used to im-
prove the stability of slopes and prevent their excessive
movements [3, 5, 6].

In the analysis of antislide piles, the laminated rock
structure is usually modeled as an equivalent homogeneous
or horizontally stratified body. Martin and Chen [7] ex-
amined the effects of spatial variations in soil displacement
on the response of piles and pile groups caused by lateral soil
movements using a numerical modeling method. Conte
et al. [8] conducted a study on the response of reinforced
concrete piles under horizontal loading in multilayered soils

composed of silty sand and sandy silt. Klar et al. [9] layered
the antislide pile and the rock and soil around the pile and
then used the numerical results of each layer to study the
three-dimensional interaction characteristics between the
pile and the foundation rock and soil. Lei et al. [10] studied
the response of laterally loaded piles in multilayered elastic
soils using a separation-based continuum model. Mylonakis
et al. [11] proposed a method for calculating the internal
force of a single pile or group of piles in multilayer soil based
on the generalized Winkler foundation model. Salgado et al.
[12] proposed a semianalytical method for the analysis of
pile groups embedded in multilayered elastic soils. Dong
et al. [13] studied the mechanical characteristics of stabi-
lizing piles embedded in layered bedrock through numerical
tests and model tests. Fattah [14-17] estimated the bearing
capacity of open-ended model piles in different conditions,
and the end bearing, vertical, and horizontal displacement of
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the pile group model were investigated in dry soil under
horizontal excitation.

The Three Gorges Reservoir Area is a high incidence area
of landslide geological disaster in China, strata of all ages are
developed, among which Jurassic strata are the most widely
distributed, the number of landslides developed in this
stratum accounts for about 67% of the total number of
landslides in the whole reservoir area, and the volume ac-
counts for 65% [18]. In the Jurassic strata of the Three
Gorges Reservoir Area, there are a large number of sand-
stone and mudstone interlayers in the rock structure, which
is different from the homogeneous rock structure, and shear
stress concentration often occurs under the action of gravity,
leading to the overall destruction of the weak layer to
produce landslides, which needs urgent treatment [13]. The
FLAC3D numerical method is used to analyze the influence
of the slope angle, thickness similarity ratio, and layer
thickness ratio of the sliding bedrock layer on the force and
deformation characteristics of the antislide pile [19]. The K
method is used to horizontally divide the rock mass foun-
dation coeflicient of the sliding bed into n layers, and the
displacement of the top of the antislide pile is calculated [20].
The mechanical characteristics of antisliding piles consid-
ering the integrated foundation coefficient of sliding beds on
composite inclined rock masses are studied.

At present, there are relatively few considerations about
the structural surface development of the rock mass in the
embedded section. The influence of the structural charac-
teristics of the sliding bedrock mass and the geometric
parameters of the antisliding pile should be further studied.
Therefore, the influence of the mechanical characteristics of
the rock mass and the geometric parameter characteristics of
the antislide piles on the internal force and deformation of
the antislide piles are analyzed, which has important the-
oretical significance for the design of antislide piles for
Jurassic landslides.

The pile top displacement of antislide piles is an
important indicator for monitoring the effect of antislide
piles. At present, the displacement of the pile top used for
antislide piles is mainly calculated by the combination of
theoretical calculations, model tests, and numerical tests,
and few machine learning methods are used to study the
top displacement of antislide piles. With the develop-
ment of computer applications, big data mining and
machine learning methods have been widely used in
geotechnical engineering, especially in landslide dis-
placement prediction. Therefore, it is necessary to de-
velop antislide pile top displacement predictions based
on machine learning.

In summary, based on the quantitative analysis of the
rock mass structure characteristics of the soft and hard
interbedded sliding bed in the Jurassic strata, the post-thrust
force and geometric characteristics of the top of antislide pile
displacement, and bending moment, the main controlling
factors affecting the displacement of the top of antislide pile
were determined by maximal information coefficient (MIC).
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Through orthogonal experimental design and 3DEC nu-
merical experiments, a database of the main controlling
factors (sliding bedrock inclination, thrust size, embedded
depth, and pile section size) of pile top displacement was
established, and a nonlinear prediction model of the dis-
placement of the top of an antislide pile based on the main
controlling factors was proposed.

2. Methodology

2.1. Maximal Information Coefficient. The maximal infor-
mation coefficient (MIC) is a distinct correlation statistic,
and MIC measures the association relationship of both
linear and nonlinear relationships between input and output
variables [21]. The MIC is an excellent data correlation
calculation method that has higher accuracy than mutual
information (MI).

MIC is aimed at the relationship between two variables
that are discretized in a two-dimensional space. The current
two-dimensional space is divided into a certain number of
intervals in the x and y directions, the scatter points falling in
each grid are checked, and the problem of joint probability
in mutual information is solved. The calculation formula of
MIC is as follows:

mic (x; y) = max %,
' axb<B log, min (a,b)

(1)

I(x;9)
MIC|[x; y] = '
Clx; yl XIIeE log, (min (| X, [Y]))

In the formula, a and b are the number of divided grids
in the x and y directions, which are essentially grid distri-
butions, and B is a variable. Generally, the size of B is ap-
proximately 0.6 of the amount of data.

2.2. Support-Vector Regression. Support-vector regression
(SVR) is a nonlinear regression prediction model based on
the principle of structural risk minimization, which works by
finding the best regression hyperplane in the high-dimen-
sional feature space. The most widely used model is the
e-SVR model based on the insensitive loss function ¢, which
is determined by the hyperplane [22].

To establish the nonlinear relationship between the
displacement of the pile top and the main control factor
determined by the MIC, the training samples are mapped
into the high-dimensional feature space through a nonlinear
mapping function ¢, and then, the correlation between the
displacement of the pile top and the main control factor is
fitted by the regression estimation function f(x) in the high-
dimensional feature space, where f(x) is the following:

fx) =W op(x) +b, (2)

where W is the independent variable function coefficient,
¢ (x) is the nonlinear mapping function, and b is the offset.
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The e-insensitive loss function is used to transform the
estimated function into a function minimization problem [23].

] i=l
minimize EwTw +C Z (& +&),
i=1

(w'o(F,)+b) - JRC; <&+ (3)
subjectedto§ JRC, _(wT(p (F,) + b) <e+ &

£, 20i=1,...,1

In the formula, C is the penalty parameter, which rep-
resents the degree of punishment for samples that exceed the
error.

Using Lagrangian and optimal conditions, the following
dual problem can be obtained [23]:

.. 1 T N i=l . i=l .
minimize 5((1 —a’) Q(a-a’)+ 82;‘:1 (o; + ) + Zi:IIRC,- (o; — )

e'(a-a*)=0
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mon Q= K(F, F;) here o; and « are L
a w] ; * are La-
& K(F,F)) = ¢(E) $(F)) P e
grangian multipliers; e=1, ..., 1" is the unit vector; Q is a

Ix I positive semidefinite matrix; and K (F;, F j) is the kernel
function that transfers the operations in the high-dimen-
sional feature space to the low-dimensional input space
through the kernel technique [23]. It should be noted that
the commonly used kernel functions include the radial basis
function (RBF), sigmoid function, linear function, and
polynomial function. The RBF kernel function, which is the
most extensive and can effectively deal with nonlinear
problems, is used in this study. The model solution of the
dual form is as follows [24]:

i=l
fB) =) (-a;+0a])K(F,F) +b,
i=1 (5)

2
K(F,F;) = el

where g is the width parameter of the RBF kernel function,
which controls the complexity of the SVR solution. The
insensitive loss parameter ¢, the penalty parameter C, and
the RBF kernel function parameter g will greatly affect the
generalization ability and prediction accuracy of the SVR
model; therefore, the three parameters need to be uniformly
optimized.

2.3. Predictive Model Building Steps. Sample databases and
actual engineering examples are used as training samples
and test samples, respectively. LIBSVM is used to train the
model, and the grid search method with a concise algorithm
and easy implementation is adopted to optimize the pa-
rameter combination (g, &, and C). The solution obtained by
the grid search is the optimal solution in the grid delineation,

(4)

1

and the training error caused by random sampling is
eliminated through cross validation. Then, the stable and
reliable prediction model is obtained.

The main control factor in the training sample is used as
the input variable, and the corresponding antislide pile top
displacement is used as the target output variable. The
support-vector regression model is trained based on the
optimal parameter combination obtained by grid search and
cross test. By calling the libsvmtrain function of LIBSVM,
the support vector x;, the support-vector coeflicient
(—a+a*), and the deviation constant D can be obtained,
and then, the pile top displacement prediction equation
based on the support-vector regression can be obtained. The
obtained pile top displacement prediction equation can be
used to predict the pile top displacement of antislide piles
(see Figure 1).

3. Main Factors of the Top Displacement of the
Antislide Pile

3.1. Discrete Element Modeling. To study the influence of
each parameter on the deformation of the top of the anti-
sliding pile, a 3DEC discrete element model was established,
as shown in Figure 2. The dimensions of the sliding bed are
33 m x 21 m x 30 m. The relevant mechanical parameters are
shown in Table 1. To highlight the regularity of the influence
of the structural characteristics of the sliding bedrock on the
deformation of the pile tops, the following improvements
were made to the model. (1) In the model, only the em-
bedded section of the antisliding pile is considered, and the
effect of the sliding body on the antislip pile is simplified to a
horizontal rectangular uniform load. (2) Due to the small
scope of the model and the fact that the antisliding piles are
placed in the sliding section where the sliding surface is
gently sloping, the sliding surface of the model is assumed to
be horizontal. (3) Given that the row monopile can be



surface

4 Advances in Civil Engineering
Impact factor acquisition
MIC
A 4
Main factor
A 4
Training samples
LIBSVM Parameter
optimization Test samples
A4
Pile top displacement
prediction equation
A4
Pile top displacement of
the test sample
FIGURE 1: Prediction process of pile top displacement based on MIC-SVR.
Block:
Colorby: Region
1
I3
2
Components: XY Z
Applied load vectors
Maximum: 199220
Scale: 7.76616¢-06
FIGURE 2: Numerical model.
TaBLE 1: The mechanical parameter of rock.
Categor Bulk modulus Shear modulus Normal Tangential Unit weight ~ Cohesion  Internal friction
gory (Pa) (Pa) stiffness (kPa) stiffness (kPa) (kN/m®) (Pa) angle (°)
g
Soft rock 1.67 x10° 0.56 x10° — — 243 29%10° 20
Hard rock 10x10° 10.9x10° — — 26.5 6.6x10° 48
Rock layer — — 1x10® 1x107 — 0.2x10° 26
Antislide pile 12x10° 30x10° — — 30 — —
Pile rock contact — — 12x10° 0.1x10° — 0.4x10° 33.8

reduced to a plane strain problem, a total of three antisliding
piles are considered, and the intermediate pile is the subject
of study [25]. The model is divided before calculation, and
the size of mech is 1 m.

Solid element is used to simulate rock, and antislide piles
were simulated using solid. The perfect elastic-plastic model
(cons =2) was used for the rock, and the elastic model was
adopted to define the behavior of the antislide piles. The
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Coulomb sliding failure principal model (jcons = 1) was used
for the rock strata. For construction method of the antislide
piles, location of the antislide piles is first excavated in the
landslide using “tunnel” code, and subsequently, contact
surface is used to simulating the interaction of solid element
between rock and the antislide piles. Boundary conditions
are as follows: normal displacement constraints are applied
to the front and rear of the sliding bed, fixed constraints are
applied to the bottom boundary, and a horizontal uniform
load g in the -x direction is applied to the loaded section of
the antisliding pile.

3.2. Influence of Critical Parameters on the Horizontal
Displacement of the Antislip Pile

3.2.1. Structural Characteristics of the Soft and Hard Inter-
bedded Layers of Bedrock. To study the influence of the
structural characteristics of the soft and hard interbedded
layers of bedrock on the displacement of the antisliding pile,
the inclination, layer thickness ratio, and single group
thickness are selected as the influencing factors for analysis
in this study. In the model established in this section, the
antisliding pile section size is 2m x 3 m, the pile length is
30 m, the embedded section is 12 m, and the horizontal load
q is 290 kPa.

(1) Inclination of Soft and Hard Interbedded Layers of
Bedrock. Since some scholars have pointed out that the
influence of the inclination of the counter-inclined rock
formation on the antisliding pile is small [19], only the
influence of the inclination of the positive-inclined rock
formation on the antisliding pile is studied here. The range of
rock inclination is 0°~40°, and five parameters are designed
as follows: 0%, 10°, 20°, 30°, and 40°. A layer thickness ratio of
1:1 (hard rock thickness over soft rock thickness) was used
in the model for both hard and soft rocks.

The effect of different inclinations on the displacement of
antisliding piles is shown in Figure 3. As seen from the
figure, the displacement of antisliding piles corresponding to
different inclinations basically show a similar trend with the
depth of embedment, while the horizontal displacement of
the piles increases with increasing distance from the bottom
of the piles and reaches the maximum displacement at the
top of the piles. When the inclination angle increases from 0°
to 20°, the change in inclination angle has basically no effect
on the pile top displacement. When the inclination angle
increases from 20° to 40°, the pile top displacement more
significantly increases. Compared to an inclination of 0°, the
pile top displacement increases by 6.0% and 12.1% for in-
clination angles of 30° and 40°, respectively, as shown in
Figure 4.

(2) Layer Thickness Ratio of Soft and Hard Interbedded
Layers of Bedrock. To study the effect of different layer
thickness ratios of soft and hard rock on the pile dis-
placement of antisliding piles and considering that the
sliding bed of Jurassic stratigraphic landslide in the Three

Displacement (cm)

Depth (m)

-25
Embedded segment | 9
-30
—m 0° -~ 30°
—o— 10° —— 40°
—A— 20°

FiGure 3: The influence of inclination on the displacement of
antislide pile.
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FIGURE 4: Relationship between the inclination and displacement
of the antislide pile.

Gorges Reservoir Area is mostly soft and hard interlayer or
there are soft and weak interlayers, five groups of layer
thickness ratios of soft and hard rock are designed in this
paper, namely, 1:9,1:7,1:5,1:3, and 1:1. The inclination
of the soft and hard rock used in the model is 0°, and the
thickness of the single group is 2m.

The effect of different soft and hard rock layer thickness
ratios on the displacement of the antisliding pile is shown in
Figure 5. As seen from figure, the displacement of the antisliding
pile with different rock layer thickness ratios shows a similar
trend with the burial depth. In contrast, the horizontal dis-
placement of the pile increases with the distance from the
bottom of the pile and reaches the maximum displacement at
the top of the pile. With the increase in the layer thickness ratio,
the horizontal displacement of the top of the pile shows an
increasing linear trend, and the growth is within 3% (see
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Figure 5: The influence of the layer thickness ratio on the dis-
placement of the antislide pile.
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Figure 6). This indicates that the influence of the rock layer
thickness ratio on the horizontal displacement of the pile top of
the antisliding pile is relatively small.

(3) Thickness of a Single Group of Soft and Hard Interbedded
Layers of Bedrock. To study the effect of the single group
thickness of soft and hard interlayer rock formations on the
displacement of antisliding piles, five groups of soft and hard
rock layer thickness ratios are designed in this study,
namely,2 m, 4 m, 6m, 8 m, and10 m. The inclination of soft
and hard rock used in the model is 0°, and the layer thickness
ratio is 1:1.

The effect of the thickness of the single group of
different rock layers on the displacement of the antisliding
pile is shown in Figure 7. As seen from the figure, the
displacement of the antisliding pile corresponding to the
thickness of a single group of different rock layers shows a
similar trend with the depth of burial, with the
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FiGure 7: The influence of the single group thickness of rock on the
displacement of the antislide pile.

displacement of the top of the antisliding pile being the
largest, and the displacement of the pile gradually de-
creases downward along the top of the pile, tending to
zero when it reaches the bottom. When the thickness of
the single group of rock layers increases from 2 m to 4 m,
the maximum increase in the horizontal displacement of
the pile top is approximately 3%, and the rest of the in-
crease in the horizontal displacement of the pile top with
the increase in the thickness of the single group is minimal
(see Figure 8). This shows that the thickness of a single
group of rock layers has a negligible effect on the hori-
zontal displacement of the top of the antisliding pile.

3.2.2. Postpile Thrust of the Antisliding Pile. To study the
influence of the postpile thrust on the displacement of the
antisliding pile, the influence of the sliding body on the pile
is transformed into the magnitude of the postpile thrust to be
considered. This study establishes the numerical calculation
model of the embedded solid section of an antisliding pile
under different thrust conditions, and the postpile thrusts
are 1000 kN/m, 1250kN/m, 1500 kN/m, 1750 kN/m, and
2,000 kN/m. The other parameters in the model are kept
consistent in Section 3.2.1.

The effect of different postpile thrusts on the displace-
ment of the antisliding pile is shown in Figure 9. As seen
from the figure, the displacement of the antisliding pile
corresponding to different postpile thrusts basically shows a
similar trend with burial depth, with the displacement of the
top of the antisliding pile being the largest, and the dis-
placement of the pile gradually decreases downward along
the top of the pile, tending to zero when it reaches the
bottom of the pile. The horizontal displacement of the top of
the pile shows a gradual increase with the increase in the
postpile thrust, when the thrust is between 1250 kN/m and
1750 kN/m, and the horizontal displacement of the top of the
pile shows a uniform increase in approximately 20%. When
the thrust force is greater than 1750 kN/m, the rate of growth
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of the horizontal displacement at the top of the pile appears
to start slowing down (see Figure 10). This indicates that the
magnitude of the postpile thrust has a significant effect on
the horizontal displacement of the pile top of the antisliding
pile.

3.2.3. Characteristics of the Geometric Parameters of the
Antisliding Piles. To study the influence of geometric pa-
rameters on the displacement of antisliding piles, the em-
bedded depth and section size are selected as parameters for
analysis in this study. In the model established in this
section, the inclination of the soft and hard rock used is 0°,
the layer thickness ratio is 1:1, the thickness of a single
group of soft and hard rock layers is 2, and the horizontal
load gq is 290 kPa.

(1) Depth of Embedded Antisliding Piles. To study the effect of
different embedment depths on the displacement of anti-
sliding piles, five sets of embedment depth models are
designed in this study, namely, 7m, 9m, 11m, 13m, and
15m. The antisliding pile section size is 2m x 3 m, and the
pile length is 30 m.

The effect of different embedment depths on the dis-
placement of antisliding piles is shown in Figure 11. The
displacement of antisliding piles corresponding to different
embedment depths shows a similar trend with the depth of
embedment, with the displacement of the top of the anti-
sliding pile being the largest and the displacement of the pile
gradually decreasing downward along the top of the pile and
tending to zero when it reaches the bottom of the pile. As
shown in Figure 12, when the embedded depth of the
antisliding pile increases from 7 m to 9 m, the displacement
of the top of the antisliding pile significantly decreases.
When the embedded depth of the antisliding pile is greater
than 9 m, the change in the displacement of the top of the
pile is minimal. Therefore, when designing antisliding piles,
it is important to consider not only the stability of the project
but also the financial requirements to find a reasonable
embedment depth to give sufficient stability to the landslide.

(2) Section Size of the Antisliding Pile. To study the effect of
different section sizes on the displacement of antisliding
piles, five sets of section sizes were designed in this study,
namely, 2mx3m, 25mx3m, 2.5mx3.5m, 3mx3.5m,
and 3m x4 m. In addition, the embedded depth of anti-
sliding piles was 12 m, and the pile length was 30 m.

The effect of different section sizes on the displacement
of antisliding piles is shown in Figure 13. As seen from the
figure, the displacement of antisliding piles corresponding to
different section sizes shows a similar trend with the burial
depth, with the displacement of the top of the antisliding pile
being the largest, and the displacement of the pile gradually
decreasing downward along the top of the pile, tending to
zero when it reaches the bottom of the pile. As shown in
Figure 14, for section sizes of 2mx3m, 2.5mx3m,
2.5mx 3.5m, and 3 m x 3.5 m, changing the antisliding pile
section width results in an extremely small trend of change
in the displacement of the pile body, while a substantial
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reduction in the displacement of the top of the antisliding
pile occurs when the pile section size is changed from
25mx3m to 2.5mx3.5m. The above study results show
that the effect of the section length of the antislip pile is
greater than the effect of the section width.

3.3. Orthogonal Experimental Design. Orthogonal experi-
mental design is a method to scientifically arrange and
analyze multifactor tests using orthogonal tables [26]. With
the advantages of ease of use, short cycle time, and good
results, orthogonal designs have been widely used in geo-
hazard research [27, 28].

Combined with the results of the above parametric analysis,
this test determined six factors: layer thickness ratio of soft and
hard rock, the thickness of a single group, the inclination of the
slide bed rock, thrust magnitude, embedded depth and pile
section size as independent variables, and displacement of the
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top of the antisliding pile as dependent variables, and carried
out a six-factor, five-level orthogonal design, with the factor
level table shown in Table 2.

MATLAB software was used to generate orthogonal tables
[29] containing a total of 120 sets of tests, and the pile top
displacements were calculated using the discrete element nu-
merical simulation software 3DEC. The physical and me-
chanical parameters and boundary conditions of the model are
the same as those of the numerical tests in the previous section.
The data from the 120 orthogonal design test results can be
considered a sample database regarding the displacements
between the pile tops of the soft and hard rock masses of the
considered sliding strata and its six independent variables.

3.4. Determination of the Main Control Factor for the Top
Displacement of the Antisliding Pile. The MIC values were
calculated for the dependent variable (the top displacement of the
antisliding pile) and the six influencing factors (rock dip, layer
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TABLE 2: Factor level.

Tested level

Thrust (kN/m) Embedded depth (m) Section size (m)

Level Inclination () Layer thickness ratio Single group thickness (m)
1 0 1:1 2
2 10 1:3 4
3 20 1:5 6
4 30 1:7 8
5 40 1:9 10

1000 7 2x3
1250 9 2.5%x3
1500 11 2.5x3.5
1750 13 3x3.5
2000 15 3x4

thickness ratio, single group thickness, thrust magnitude, em-
bedment depth, and antisliding pile size), and for the six inde-
pendent variable influencing factors in relation to each other. The
results of the calculations are shown in the table below (see Table 3).
From the MIC values between the antisliding pile top
displacement and the six influencing factors, it can be seen
that the influences of the antislip pile top displacement are in
descending order: postpile thrust>embedded depth > pile
section size>rock inclination>single group  thick-
ness > layer thickness ratio. The most significant influence
on the pile top displacement is the magnitude of the postpile
thrust, with the MIC value of the pile top displacement
reaching 0.725. Within the sliding bedrock structure feature
group, the most influential pile top displacement is the
inclination of the soft and hard interbedded rock layers in
the sliding bed, suggesting that the inclination of the soft and
hard interbedded layers of bedrock contains more infor-
mation about the variation in pile top displacement. In the
group of geometric characteristics of antisliding piles, both
the embedded depth and cross-sectional dimensions sig-
nificantly affect the displacement of the top of the pile, with
the MIC values of 0.629 and 0.598, respectively. Therefore, in
the case of soft and hard interbedded rock in the sliding bed,
the postpile thrust magnitude, pile section size, embedment
depth, and rock inclination can be used as the dominant
combination of factors to control when predicting the
displacement of the top of the antisliding pile.

4. Pile Top Displacement Prediction Model
Based on MIC-SVR

4.1. Model Constitution. In this section, four factors, namely, the
inclination angle, thrust, embedment depth, and pile cross-sec-
tional size of the soft and hard interlayer of the sliding bed, were
used as independent variables, and the displacement of the top of
the antisliding pile was used as the dependent variable. A total of 71
sets of experiments were designed on this basis. The discrete el-
ement numerical simulation method (3DEC) was used to simulate
each set of tests, with the same physical and mechanical parameters
and boundary conditions of the model as the numerical tests in the
previous chapter. The 71 datasets can be considered as a sample
database on the relationship between the pile top displacements
and the independent variables considering the soft and hard
interbedded layers of bedrock, as shown in Table 4.

4.2. Pile Top Displacement Prediction Model Based on MIC-
SVR. Using 71 sets of data as the training database, with the
four principal control factors as input variables and their

corresponding antisliding pile top displacements as output
varijables, the optimal combination of parameters ¢=0.001,
C=0.8745, and g = 8.3913 for the support vector regression
was obtained based on grid search and cross validation.
Based on the optimal combination of parameters, the op-
timal SVR model for the prediction of the displacement of
the top of the antisliding pile can be obtained. The com-
parison results between the predicted values of the dis-
placement of the top of the antisliding pile and the numerical
test results are shown in Figure 15. The comparison shows
that the maximum error between the predicted pile top
displacement and the numerical test results is 0.008 m, and
most of the errors are small and basically negligible.
Therefore, the SVR model obtained through training can
well reflect the nonlinear relationship between the anti-
sliding pile top displacement values and the selected primary
control factors. The support vector x;, the support-vector
coeflicients (—a, +& * ), and the deviation constant D can be
obtained by calling the libsvmtrain function of LIBSVM
[30], and 71 support vectors and support-vector coeflicients
are generated. The value of the deviation constant D is
—0.0901. According to equation (6), the prediction equation
for pile top displacement based on support-vector regression
is obtained as follows:
i=71
y= Y (~a+a)e Bl _g.0901. (6)
i=1

Figure 15 shows a comparison between the predicted and
numerical test values of pile top displacement for 71 sets of
antisliding piles, with a coefficient of determination R of
approximately 96.88% for both sets of data. The results
indicate that the accuracy of the established support-vector
regression equation is high and is applicable to the pre-
diction of pile top displacement for subsequent examples.

5. Practical Example Validation and
Comparative Analysis

5.1. Practical Example Validation. Both the Majiagou No. 1
Landslide and Zhangfeimiao Landslide are located in the
Jurassic strata of the Three Gorges Reservoir Area [13, 31],
and both landslides use antisliding piles as the support
measure. The main control factors and the measured dis-
placement data at the top of the antisliding piles are shown in
Table 5.

Equation (6) was used to predict the top displacement of
the antislip piles for both landslides. By substituting the
inclination, postpile thrust, embedment depth, and pile
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TaBLE 3: MIC values between the pile top displacement of the antislide pile and influencing factors.

o Layer thickness Single grou Postpile Embedded Section .
MIC value Inclination 4 ratio t}i ckﬁess P thrtl;s ¢ depth size Displacement
Inclination 1 0.006 0.006 0.006 0.006 0.003 0.565
Layer thickness ratio ~ 0.006 1 0.012 0.004 0.005 0.001 0.315
Single group 0.006 0.012 1 0.002 0.002 0.002 0.327
thickness
Postpile thrust 0.006 0.004 0.002 1 0.005 0.001 0.757
Embedded depth 0.006 0.005 0.002 0.005 1 0.002 0.629
Section size 0.003 0.001 0.002 0.001 0.002 1 0.598
Displacement 0.565 0.315 0.327 0.757 0.629 0.598 1

TABLE 4: Sample database.

Specimen Inclination () Postpile thrust (kN/m) Embedded depth (m) Section size (m) Displacement (m)
1 10 1500 15 3x3.5 0.124
2 0 1250 11 2.5%3.5 0.092
3 20 1250 15 2x%x3 0.126
4 10 1250 13 2x3 0.124
5 0 1500 7 2.5x%x3 0.149
6 0 1500 9 3x3.5 0.126
7 0 1000 13 2.5%3.5 0.077
8 10 1750 7 2x3 0.205
9 20 1000 15 2x%x3 0.110
10 10 1750 15 3x3.5 0.154
11 40 1500 11 2.5%3 0.240
12 0 1000 9 2.5%3.5 0.081
13 30 1500 9 2.5%3 0.155
14 0 1750 9 3x4 0.107
15 10 1250 9 2.5%3 0.141
16 10 1750 11 2.5%3.5 0.140
17 30 1250 11 2x3 0.212
18 0 2000 11 3x3.5 0.168
19 0 1000 7 2x3 0.112
20 20 1500 11 2.5%x3.5 0.168
21 20 1250 7 3x4 0.118
22 20 1250 7 3x3.5 0.130
23 10 2000 7 2.5%3.5 0.225
24 10 1000 7 2.5%3 0.119
25 20 2000 13 2.5%3 0.228
26 30 1750 11 2.5%3 0.223
27 30 1250 13 2.5%3.5 0.110
28 40 1750 13 2x3 0.309
29 40 1250 9 2.5%3.5 0.255
30 20 1000 9 2.5%3 0.100
31 10 1000 9 3x3.5 0.090
32 10 2000 7 2.5%3.5 0.225
33 0 2000 11 3x3.5 0.157
34 0 1250 13 2.5%3 0.116
35 30 2000 9 2x3 0.230
36 10 1500 9 3x4 0.108
37 10 1750 11 3x3.5 0.151
38 40 1000 7 3x3.5 0.162
39 30 1750 13 3x3.5 0.314
40 10 1000 13 2.5%3.5 0.083
41 20 2000 13 2.5%3 0.203
42 20 1750 9 2.5%3.5 0.180
43 20 1500 7 3x3.5 0.163
44 10 1500 13 3x4 0.100
45 40 1750 9 2x3 0.250
46 0 1250 15 2.5%3 0.117
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TaBLE 4: Continued.

Specimen Inclination (°) Postpile thrust (kN/m) Embedded depth (m) Section size (m) Displacement (m)
47 30 1000 11 3x4 0.098
48 40 1000 11 3x3.5 0.103
49 20 1500 9 3x3.5 0.156
50 0 1500 11 2x3 0.134
51 0 1250 13 3x3.5 0.096
52 20 1750 13 2.5%x3.5 0.147
53 30 1000 15 2.5%3.5 0.086
54 0 1750 7 3x4 0.128
55 40 1250 7 2.5%3.5 0.201
56 20 1250 11 3x4 0.123
57 30 2000 9 2%3 0.233
58 0 1500 13 2x3 0.143
59 0 1750 15 2.5%3 0.171
60 20 1750 7 2.5%3 0.204
61 30 1500 15 2.5%3.5 0.140
62 20 1000 13 3x3.5 0.085
63 20 1000 9 2x3 0.108
64 10 1000 11 2.5%x3 0.100
65 30 1000 11 2.5%3 0.113
66 10 1250 11 2x3 0.125
67 30 1250 9 3x3.5 0.140
68 30 1000 13 3x4 0.070
69 20 1750 11 2x3 0.182
70 0 1750 9 2.5%3.5 0.141
71 10 1500 13 2x3 0.162

0.4

0.3+

0.1

0.0 -

Displacement of pipe top (m)

0 20 40 60
Tested number

—o— Numerical test value
—a— Predicted value

FiGure 15: Comparison of the numerical test value and the pre-
dicted value.

section size into equation (6) for both landslides, the anti-
sliding pile top displacement y can be calculated to be
0.1447 m and 0.092 m, respectively. The predicted pile top
displacement of the Majiagou No. 1 Landslide is approxi-
mately 3.5% smaller than the actual value, and the antislip
pile top displacement of the Zhangfeimiao Landslide is
approximately 8% smaller than the actual value, which in-
dicates that the prediction equation of pile top displacement
proposed in this study has good accuracy.

5.2. Comparative Analysis of Predictive Models. To further
validate the feasibility of the MIC-SVR prediction model
proposed in this study, the prediction results of the Elman
neural network, support-vector regression (SVR), and long

short-term memory neural network (LSTM) were simul-
taneously selected in this section for comparison and
analysis with the actual values of the two landslides, as
shown in Figure 16.

As seen from Figure 16, for the Majiagou No. 1 Land-
slide, the predictions of the SVR, LSTM, ELMAN, and MIC-
SVR models proposed in this study are 14.53 cm, 10.2 cm,
9.3cm, and 14.47 cm, respectively, and compared to the
measured value (15.0cm), all predictions are small, de-
creasing by approximately 3.2%, 32%, 38%, and 3.5%. For
the Zhangfeimiao Landslide, the predictions of the SVR,
LSTM, ELMAN, and MIC-SVR models proposed in this
study are 9.3 cm, 7.1 cm, 5.1 cm, and 9.2 cm, respectively, all
of which are still smaller than the measured value (10.0 cm),
with reductions of approximately 7%, 29%, 49%, and 8%,
respectively. For the Zhangfeimiao Landslide, the predic-
tions of the SVR, LSTM, ELMAN, and MIC-SVR models
proposed in this study are 9.3 cm, 7.1 cm, 5.1 cm, and 9.2 cm,
respectively, all of which are still smaller than the measured
value (10.0 cm), with reductions of approximately 7%, 29%,
49%, and 8%, respectively. Combining the comparative
prediction results of the two landslides, the SVR model and
the MIC-SVR model proposed in this study have higher
prediction accuracy, and the results are better than those of
the other two prediction models. However, compared with
the SVR model, the prediction model proposed in this study,
which uses MIC-based screening out the main control
factors and circumvents the factors with less influence, not
only has a greater advantage in the prediction of pile top
displacement of antisliding piles but also reduces the cal-
culation samples and greatly improves the working effi-
ciency. Therefore, the MIC-SVR prediction model proposed
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TaBLE 5: The main control factors and the measured value of the antislide pile.

Landslide name Inclination (°) Postpile thrust (kN/m)

Embedded depth (m) Section size (m) Displacement (m)

Majiagou No. 1 28° 1062.66 8 23 015
Zhangfeimiao 5° 1200 11 2.75% 3.5 0.10
16 was compared with SVR, LSTM, and ELMAN by
combining practical examples of the Majiagou No. 1
T Landslide and Zhangfeimiao Landslide. The pre-
14 - - . . .
~ diction model proposed in this study avoids the
E factors with small influence, reduces the calculation
g12r sample, and improves the working efficiency.
Q
o TaTusls
5 10} Data Availability
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Q
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Figure 16: Comparison between the measured value and the
predicted value of different methods.

in this study is feasible in practical engineering applications
and can better reflect the corresponding relationship be-
tween the main influencing factors of the antisliding pile
deformation and top displacement of the antisliding pile.

6. Conclusions

(1) The largest influence on the pile top displacement is
the magnitude of the postpile thrust, which has an
MIC value of 0.725. The most significant influence
on the pile top displacement is the inclination of the
soft and hard interlayer in the sliding bedrock
structure characteristic group. The embedded depth
and pile section size of the antisliding pile in the
geometry characteristics group greatly influence the
pile top displacement, with MIC values of 0.629 and
0.598, respectively. In the case of soft and hard
interbedded rock, the postpile thrust, pile section
size, embedment depth, and rock inclination are the
main control factors in predicting the pile top dis-
placement of the antisliding pile.

(2) A database of pile top displacement concerning the
main control factors (sliding bedrock inclination,
postpile thrust, embedded depth, and pile section
size) was established, and the optimal combination
of parameters for SVR was obtained based on grid
search and cross validation. On this basis, a non-
linear prediction model of pile top displacement
based on the main control factors was developed. The
prediction model proposed in this study (MIC-SVR)

This work was supported by the China Postdoctoral Science
Foundation Project (grant no: 2016M601338), the Hunan
Provincial Department of Education Project (grant no:
18C0562), and the New Faculty Research Initiation Project
(grant no: KYZ2021013Q).
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