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Compared with the amount of research undertaken on vertical-bearing piles in karst areas,
there are fewer studies on the stability of horizontal-bearing piles (e.g., anti-slide piles and
supporting piles), and little in the way of theoretical developments. In order to study the
influence of karst cave in front of and under the pile on the stability of anti slide pile, this
study designs orthogonal test, carries out numerical simulation by using ABAQUS finite
element analysis software, deduces the displacement load curve of each group of piles,
and then determines the lateral ultimate bearing capacity of anti slide pile when karst cave
exists, and Through multiple linear regression analysis and test on the parameters such as
the distance between the karst cave under the pile and the pile tip, the span height ratio of
the cave in front of the pile and the span height ratio of the cave under the pile, it is
concluded that there is a significant correlation between the above participation and the
lateral ultimate bearing capacity. The research results have certain guiding significance for
the application of anti slide pile in karst area.

Keywords: karst cave, anti-slide pile, numerical simulation, orthogonal test, multiple linear regression

1 INTRODUCTION

In areas with soluble limestone, surface precipitation, and free water flowing underground, there are
long-term scouring and dissolution effects on the limestone, forming karst morphology, the process
being termed karstification. Karst caves are, therefore, underground spaces formed by the
karstification of soluble rock. The existence of karst caves destroys the integrity of a rock mass,
greatly reducing its strength and stability. The development and formation of karst caves may lead to
engineering problems, such as karst collapse, karst ground deformation, karst seepage and water
inrush, soil erosion, and water and soil pollution, which causes difficulties in construction and
economic losses to the engineering activities implemented on such foundations (Liu et al., 2018; Liu
et al.,, 2019). With the rapid development of China’s economic and social infrastructure and the
acceleration of urbanization, more complex sites, including those in areas of karst geology, which are
not suitable for foundations, need to be used. Supporting piles in foundation pit engineering and
anti-slide piles in landslide treatment engineering, the latter mainly bearing horizontal forces, are
often arranged in bedrock with karst caves. This leads to the stability problem of horizontal-bearing
piles in karst areas, where the usually adopted treatment methods include increasing the pile
diameter, increasing the pile length to penetrate the karst cave, grouting and plugging the karst cave,
or directly ignoring its impact and not undertaking any treatment. These treatment methods reflect
the lack of theoretical development in terms of the design calculations and construction methods
behind horizontal-bearing piles, such as anti-slide piles, when considering karst caves. By contrast,
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they can only be based on the experience of the engineering and
technical personnel, with the safety and stability of the treated pile
not able to be guaranteed. This leads to the situation where if the
treatment method is too conservative, it will cause unnecessary
delays and/or economic waste (Liu et al., 2021a; Liu et al., 2021b).
At present, there is little literature on the bearing
characteristics and stability of horizontal-bearing piles in karst
areas, either in China or abroad. Fan (2015) and Wang (2014)
considered anti-slide piles in areas with karst caves and designed
an orthogonal table to simulate the stability of piles under
different conditions, obtaining an empirical formula for the
safe distance separating karst caves from piles. Han (2019)
studied the influence of a karst cave underlying an anti-slide
pile on the pile’s stability and inferred the associated failure mode
and failure mechanism. Li (2019) studied the influence on the
stability of an anti-slide pile when there is a karst cave in the pile’s
passive area (i.e., in front of the pile), and obtained the failure
mode and failure mechanism, and compared the bearing capacity
and crack development process of an anti-slide pile under the
influence of two different karst cave forms. Chen and Yi (2017)
calculated the safe thickness of a karst cave roof by using the
mechanical analysis method, the elastic theory of surrounding
rock, and the Griffith criterion. Shaowei et al. (2019) studied the
stress and deformation characteristics of supporting piles with
circular and rectangular sections based on the comparative model
test and studied the anti-sliding ability of circular-section
supporting piles. Wang and Zhang (2012) and Dai et al.
(2016) used the FDM software FLAC3D to analyze the
stability and deformation characteristics of pile foundations
under different load levels in the karst area of a large railway.
Zhou (2020) studied the pile foundation model for karst
environments and obtained the change characteristics of karst
foundations under pile loads. Suleiman et al. (2014) used a soil-
structure interaction device to study the soil-structure interaction
of a pile (i.e., the passive pile subjected to lateral soil movement)
that was employed to stabilize a collapsed slope, and established
the force-displacement relationship curve of the soil-pile
interaction under the condition of passive loading. However,
there appears to be no research results dealing with the bearing
characteristics and stability of anti-slide piles with karst caves
both under and in front of the pile. Based on this, our research
group carried out indoor model loading tests and numerical
simulation analyses considering anti-slide piles with karst
caves both under and in front of the pile. The process of
developing the indoor model loading tests and the results are
discussed in another paper. This work discusses the numerical
simulations and analyzes the influence of various parameters of
karst caves on the bearing characteristics of anti-slide piles.

2 RESEARCH METHODS

The horizontal displacement development curves and the stress-
strain law of a pile obtained from the numerical simulation of the
same parameters considered in the indoor similarity model are
consistent with the similarity test results, with the displacement
and strain after the similarity conversion being the same order of
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magnitude. It is, therefore, feasible to use the ABAQUS software
to study the numerical loading model of the effect of the double
cave scenario on an anti-slide pile. However, the indoor similarity
test is mechanical, and fewer factors are considered. In the follow-
up study, it is necessary to add additional influencing factors and
carry out an orthogonal test grouping for the analysis of the
degree of influence of each factor on the bearing characteristics of
an anti-slide pile.

3 RESEARCH PROJECT

3.1 Numerical Simulation Model
3.1.1 Calculation Method and Basic Assumptions
For the anti-slide pile without the influence of a karst cave, the
main factors influencing its bearing capacity include pile
stiffness, pile material strength, pile embedded depth, pile
side rock, and soil conditions. When there is a karst cave near
the pile, in addition to the nature of the pile itself and the
surrounding rock and soil characteristics, there are other
factors that describe how the cave affects the pile’s bearing
capacity, such as the location, shape, size, number, distance
from the pile, and thickness of the cave roof. According to the
description in Zhao (2003), the anti-slide pile will cause
deformation when it is subjected to horizontal thrust.
According to the deformation state of the pile itself and the
surrounding rock and soil, the anti-slide pile can be divided
into a rigid pile and an elastic pile. The judgement of rigid and
elastic piles is related to the calculated depth the pile is buried
below the sliding surface. The geological strata considered in
this study is limestone, which is hard in texture and is
generally complete in distribution, so the “K” method is
selected as the calculation method for the anti-slide pile.
The cantilever section of the anti-slide pile in the model
bears the horizontal thrust, and the corresponding
horizontal resistance is provided by the fixed built-in section.
This study analyzed the influence of karst caves on the bearing
characteristics of anti-slide piles. The anti-slide piles are arranged
continuously, and the stress and cross section are not changed
along the longitudinal direction. Displacement and deformation
only occur in the cross-section, which is a plane strain problem.
The Mohr-Coulomb ideal elastic-plastic model was used to
describe the limestone, and the linear elastic model was used
for the anti-slide pile.

3.1.2 Model Geometry

The plane strain problem is a two-dimensional problem
where the model can be established by determining the
length and width of the bedrock and the geometric size of
the pile’s section. To avoid the influence on the stress
distribution around the pile and the karst cave that would
result from considering a too small boundary for the model
bedrock, the vertical thickness of the bedrock was set to 15 m,
and the transverse width was set to be 15 m outward from the
central axis of the pile. The considered size ranges of the pile
and caves are listed in Table 1. Schematic diagram of the
model’s geometric parameter values in Figure 1.
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FIGURE 1 | Schematic diagram of the model’s geometric parameter values.
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FIGURE 2 | Stress diagram of the anti-slide pile and the wedge model in the elastic-plastic equilibrium zone.

TABLE 1 | Geometric parameters of the pile and karst caves.

Distance between

Pile diameter Fixity depth Thickness of Cave span Cave height Distance between
(m) (m) karst cave (m) (m) karst cave karst cave
roof in in front under the
front of of the pile and
the pile (m) pile and pile end
pile side (m) (m)
2.0 2.5~4.0 0.4~2.4 1.2~4.0 1.2~4.0 0.4~2.4 0.3~2.0
3 April 2022 | Volume 9 | Article 754330

Frontiers in Earth Science | www.frontiersin.org


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

Liang et al.

Pile Study in Karst Area

TABLE 2 | Physical and mechanical parameters of the anti-slide pile and the considered limestone.

Materials Weight y Elastic modulus Poisson’s ratio Cohesion ¢ Friction angle Dilatancy angle
(kN/m®) E (Pa) u (Pa) ¢ () v ()

Limestone 26.0 45 x 10" 0.22 11.65x10° 38.5 5

Anti-slide pile 24.0 3.0 x 10" 0.20 —— - ——

3.1.3 Physical and Mechanical Parameters of the
Simulation Materials

Based on experience and previously acquired data, the values of
the mechanical parameters of limestone are as follows: unit

weight  17-31kN/m’, uniaxial ~compressive strength
10-200 MPa, tensile strength 0.5-20 MPa, Poisson’s ratio
0.04 to 0.31, elastic modulus 10-80GPa, cohesion

10-40 MPa, and internal friction angle 30°-50°. In the
practical engineering, the anti-slide pile is generally set in
place in bedrock with good integrity, a uniform distribution of
strata, weak weathering degree, and relatively stable
mechanical properties as the build-in section. The
mechanical parameters of the limestone material considered
in the simulation model are presented in Table 2.

In the design of the anti-slide pile, the concrete grade is
usually C30 to C40, and the steel bars are usually HRB400.
Considering the large value of pile diameters and low
reinforcement ratio in the design process of anti-slide piles,
this paper selects C30 grade concrete for analysis. Based on
the Code for Design of Concrete Structures (China Academy of
Building, 2016), the values of weight, elastic modulus, and
Poisson’s ratio of concrete and reinforcement for the piles are
also shown in Table 2.

3.2 Failure Theory and Simulation Test

Criteria

According to the theory of the elastic-plastic design of anti-
slide piles proposed by Chen and Wang (1997), Wang et al.
(1997), the core of the method is the establishment of the
failure mechanism of the plastic zone of rock and soil in front
of the pile. The extent of the elastic-plastic zone of the pile
after loading, that is, the maximum allowable critical height
of the elastic-plastic zone is the key parameter of such a
design.

Considering the Mohr-Coulomb failure criterion, a
wedge-shaped plastic zone will appear on the compression
surface of the anchorage section of the bedrock when the pile
bears horizontal thrust. When the wedge is in the limit
equilibrium state, the sliding force and anti-sliding force of
the pile under load are equal. When the load of an anti-slide
pile continues to increase, the equilibrium state is destroyed,
with the sliding force being greater than the anti-slide force,
where the rock mass in the plastic zone presents a relative
sliding state along the sliding surface, leading to the rock
mass being sheared and destroyed. The displacement of the
pile then increases rapidly, exceeding the deformation limit
or cannot continue to bear the load, leading to the failure of

the anti-slide pile. Stress diagram of the anti-slide pile and the
wedge model in the elastic-plastic equilibrium zone in
Figure 2.

From the previous discussion, we know that many factors
affect the bearing capacity of the anti-slide pile when a karst cave
exists in its vicinity. However, if too many influencing factors are
considered, there will be too many combinations of variables to be
analyzed, making the analysis process overly complex.
Considering the characteristics of the actual project, the pile
diameter and fixity depth are set, and five factors (the
thickness of the roof of the cave in front of the pile, the
distance between the cave in front of the pile and the pile
side, the distance between the cave under the pile and the pile
end, the span-height ratio of the cave in front of the pile, and the
span-height ratio of the cave under the pile) were selected as the
variables, and six numerical levels are set for the orthogonal
combinations. The maximum horizontal displacement of point A
(located in the plastic zone of the rock mass in front of the pile,
Figure 3) at the intersection of the pile and the rock surface in the
simulations for each parameter combination is used to determine
the horizontal ultimate load of the pile. The bearing
characteristics of the pile under the changing factors are
recorded to analyze the influence of these factors on the
bearing characteristics of the anti-slide pile.

Based on article 6.4.5 of the Technical Code for Testing of
Building Foundation Piles (China Academy of Building, 2014),
the horizontal load value corresponding to the starting point of
the sharp drop of the H-Y, curve in the slow maintenance load
method can be taken as the lateral ultimate bearing capacity of a
pile. The method employed in this study is to load the pile by
stages and to record the maximum deformation value of the
intersection point between the pile and the rock surface, which is
similar to the slow maintaining load method in foundation pile
detection technology. Therefore, in this paper, the above criteria
are adopted to determine the lateral ultimate bearing capacity of
the pile.

3.3 Simulation and Statistics

According to the “K” method, when the pile diameter is 2.0 m
and the fixity depth of the pile is not more than 2.99 m, it is a
rigid pile, and when it is more than 2.99 m, it is an elastic pile.
In practical engineering, the principle of economy is usually
given priority. Provided the bearing capacity and stability
requirements are met, the pile length and diameter should be
reduced as much as possible to save costs. Therefore, under
the condition that there are karst caves both in front of and
under the pile, the simulations and statistical analysis of the
results will be carried out considering a rigid pile with a
relatively small pile length. The fixity depth of the fixed pile is
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FIGURE 3 | Diagram of the loading model used in the simulations.
TABLE 3 | The level of each factor in the orthogonal test design.
Factor Level-1 Level-2 Level-3 Level-4 Level-5 Level-6
Roof thickness of karst cave in front of 0.4 0.8 1.2 1.6 2.0 2.4
pile A (m)
Distance between karst cave in front of 0.4 0.8 1.2 1.6 2.0 2.4
the pile and pile side B (m)
Distance between karst cave under the 0.3 0.6 0.9 1.2 1.6 2.0
pile and pile end C (m)
Span-height ratio of karst cave in front 25 1.67 1.22 0.82 0.6 0.4
of pile D
Span-height ratio of karst cave under 25 1.67 1.22 0.82 0.6 0.4
pile E
of which Cave span (m) 3.0 2.5 2.2 1.8 1.5 1.2
Cave height (m) 1.2 1.5 1.8 2.2 2.5 3.0

therefore set to be 2.5 m, and the cantilever length above the
embedded section is 6.0 m.

3.3.1 Orthogonal Test Design
Through the preliminary analysis of the collected data, the five
factors outlined above for the orthogonal test design are
considered as independent variables, with a six-level
orthogonal combination being designed for the simulation
tests. The distances mentioned above are all from the outside
of the karst cave to the margin of the pile or bedrock. The levels
for each factor is shown in Table 3.

Based on the level of these factors, the mixed level orthogonal
test design was carried out using SPSS software, with a total of 49
groups of parameter combinations.

4 RESEARCH RESULTS

4.1 Simulation Calculation and Result
Analysis

The loading simulations of the 49 groups of parameter
combinations were calculated using the finite element
analysis software ABAQUS. The horizontal limit load of
the pile and the displacement corresponding to point A of
the pile were counted according to the value principle of limit
load. A schematic diagram of the simulation loading model is
shown in Figure 3.

For the statistical analysis, five groups of typical cave distribution
models were selected to determine the ultimate load and to analyze
the change in the plastic zone of rock mass in front of the piles:
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FIGURE 4 | Load displacement curves in the five group tests.

1) Group7: A=04m,B=12m,C=12m,D =1.67,E = 1.67,
the roof rock mass of the karst cave in front of the pile is thin.

2) Group30:A=20m,B=24m,C=20m,D=25E=122,
the thickness of rock mass is relatively large in all places.

3) Group35:A=16m,B=04m,C=0.3m,D=2.5E=0.6,the
distance between the karst cave and the pile side and pile end
is relatively small.

4) Group37:A=16m,B=04m,C=0.6m,D=1.22,E=2.55,
the thickness of rock mass between the two cave surfaces
is small.

5) Group49:A=0.8m,B=24m,C=03m,D=167,E=04,
the distance between the karst cave under the pile and the pile
end is small (A~E corresponds to the factors listed in Table 3).

(1) Load-Displacement Curves

The resulting curves of the horizontal displacement of point A
with the change in loading for the five groups of simulation tests
are presented in Figure 4. The ultimate horizontal bearing
capacity of the pile was determined based on these load-
displacement curves.

Based on these load-displacement curves and the ultimate
load determination principle, the horizontal ultimate loads
for Groups 7, 30, 35, 37, and 49 are 1.4, 4.2, 3.6, 3.6, and
3.0 MPa, respectively. In Group 7, when the load reaches 2.0
MPa, the plastic strain diagram shows that the rock mass at
the cave roof has dislocation slip, indicating that the anti-slide
pile is unstable. The trend in the curve for Group 35 is almost

the same as that of Group 37, so it can be inferred that the
distance between the karst cave under the pile and the pile end
has little effect on the bearing capacity of the pile. To observe
the internal force distribution and changes in each group
more clearly, the plastic strain distribution diagram of each
group under the ultimate load was derived, and the loading
process was analyzed.

(2) Plastic Strain

The plastic strain distribution of the bedrock under the ultimate
load for the five groups of tests is shown in Figure 5. The
following findings have been identified:

1) When the roof of the karst cave in front of the pile is thin, the
rock mass at the roof directly above the karst cave (a certain
distance to the left of point A) appears to show larger plastic
deformation than the rock mass at the other parts due to
compression. A sliding surface appears, which shows a shear
compression failure trend along the sliding surface.
However, there is little or no elastic deformation in the
other parts of the rock mass. In this case, the bearing failure
of the anti-slide pile is caused by the shear failure of the rock
mass at the cave roof.

2) When the cave roof is thick and distant from the pile side and
pile end, the bearing capacity of the anti-slide pile is controlled
by the deformation of the rock mass in front of the pile. The
failure of the anti-slide pile is thus caused by the excessive
deformation of rock mass at point A.
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FIGURE 5 | Plastic strain distribution of the five groups of tests outlined in the text.
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3) When the karst cave in front of the pile is close to the pile side,
the rock mass between the karst cave and the pile side also
shows high plastic deformation during the loading process. It
can be assumed that if there are joints or fissures in this part of
rock mass at this time, the pile is likely to have been damaged
before reaching the ultimate load, resulting in the potential
instability of the pile body.

4) When the boundaries of the caves in front of the pile and
under the pile are close to each other, the rock mass between
the two caves first experiences large plastic deformation. This

5)

part of rock mass was seen to be damaged in the simulations,
but in practical engineering, the situation is more complicated.
If this part of the rock mass has uncontrollable factors, such as
the existence of cracks and different degrees of dissolution, the
rock mass strength is in a non-uniform state, with this part of
the rock mass owing to the cracks breaking first, resulting in
the instability of the anti-slide pile.

When the karst cave under the pile is close to the pile end, the
rock mass at the top of the karst cave first suffers large plastic
deformation, where the deformation here is larger than that in
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TABLE 4 | Fitting analysis parameters.
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Model R R? Adjusted R? Error of Durbin-Watson
standard estimation
1 0.893 0.797 0.774 0.41072 1.908
TABLE 5 | Parameters of the multivariate analysis of variance.
Model Type Sum-of-squares df Mean square F Sig.
1 Regression 28.516 5 5.703 33.808 0.000
Residual error 7.254 43 0.169
Total 35.770 48
TABLE 6 | Collinearity diagnostic parameters.
Model Number of Eigenvalues Condition Index Variance proportion
dimensions (Constant) A B (o] D E
1 1 4.932 1 0 0.01 0.01 0.01 0.01 0.01
2 0.268 4.289 0 0.04 0.04 0.82 0.05 0.05
3 0.250 4.438 0 0.00 0.00 0.00 0.50 0.50
4 0.249 4.447 0 0.25 0.25 0.00 0.25 0.25
5 0.248 4.456 0 0.50 0.50 0.00 0.00 0.00
6 0.051 9.794 1 0.20 0.20 0.17 0.20 0.20
TABLE 7 | Coefficient T-test.
Model Type Nonstandard coefficient Standard coefficient t Sig. Collinearity statistics
B Standard error Tolerance VIF
1 (Constant) 1.426 0.233 6.135 0.000
A 1.014 0.081 0.858 12.489 0.000 1.000 1.000
B 0.283 0.081 0.239 3.481 0.001 1.000 1.000
C —0.058 0.097 -0.041 -0.593 0.556 1.000 1.000
D -0.058 0.073 -0.05 -0.730 0.469 1.000 1.000
E -0.017 0.073 -0.016 -0.229 0.820 1.000 1.000

front of the pile, The rock mass here is, therefore, more likely
to be destroyed, resulting in the instability of the anti-
slide pile.

4.2 Multiple Linear Regression Analysis
4.2.1 Multiple Linear Regression

The horizontal limit load was taken as the dependent variable
Y, and the roof thickness of the karst cave in front of the pile,
the distance between the karst cave in front of the pile and the
pile side, the distance between the karst cave under the pile
and the pile end, the span height ratio of the karst cave in
front of the pile, and the span height ratio of the karst cave
under the pile, were defined as the independent variables X,

Xy, X3, X4, and X, respectively. The statistical data in Table 4
were imported into the SPSS software for linear regression
analysis, and the following regression equation was obtained:

Y =1.014X; + 0.283X, — 0.058X35 — 0.053X, — 0.017X5 + 1.426

In this formula, the variables X; to X5 should conform to
the range of values of the corresponding factors in the
orthogonal test design. The unit of Y is MN/m? and to
ensure dimensional unity, the unit of the coefficients of X
to X; is defined as MN/m?, and X, and X are dimensionless,
hence the unit of their coefficients and the constant term are
defined as MN/m®. The orthogonal test design was carried out
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under the assumption that the anti-slide pile meets the
strength index of the pile material, has no defects and
meets the required safety standards. Therefore, the
regression equation is suitable for analyzing the influence
of the karst cave on the horizontal bearing capacity of the anti-
slide pile when there are karst caves both in front of and under
the pile, allowing the assessment of whether it is necessary to
treat the karst cave or to modify the pile design.

4.2.2 Linear Regression Test
1) Test for the degree of fitting and independence

It can be obtained from Table 4 that R* = 0.797, hence the
fitting degree is good, indicating that the linear regression
equation obtained is reasonable. The Durbin-Watson index is
1.908, indicating that the variables in the regression equation
are independent of each other.

2) Multivariate analysis of variance
From the analysis of variance presented in Table 5, it can be
seen that the F-Test Sig = 0.000 < 0.05, which also shows that the

regression equation, displays a good significance.

3) Multicollinearity diagnosis and significance test

By the variance proportion coefficient in Table 6, the
collinearity among the independent variables is seen to be not
significant. Further analysis of the VIF parameters in Table 7
shows that the VIF of all factors is 1.000, indicating that there is
no multicollinearity among these five independent variables,
hence, no effect on the regression equation.

It can be seen from Table 7 that the Sig coefficients of the roof
thickness of the karst cave in front of the pile and the distance
between the karst cave in front of the pile and the pile side are less
than 0.05, indicating that these two factors are significantly and
positively correlated with the horizontal ultimate load of the
dependent variable. However, the Sig coefficients of the distance
between the karst cave under the pile and the pile end, the height-
span ratio of the karst cave in front of the pile, and the height-
span ratio of the karst cave under the pile are larger, and the
absolute values of coefficient B are smaller, indicating that these
three factors have little influence on the horizontal ultimate load,
leading to the degree of correlation to Y being as follows:
X >X,>X3>X > X,

4) Standardized residual analysis

By examining the standardized residual histogram shown in
Figure 6, it can be seen that although some of the sample
residuals exceeded the normal curve, the overall residuals were
basically in line with a normal distribution, indicating that the
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selected influencing factor data Xi matched the dependent
variable Y and that the regression model was reasonable.

5 CONCLUSION

In this paper, the ABAQUS finite element analysis software was
used to carry out the simulated loading test of an anti-slide pile
with karst caves located both under and in front of it. Through
the simulations and accompanying analyses, the following
conclusions are drawn:

1) From the results of the linear analysis, it can be seen that the
roof thickness of the karst cave in front of the pile (X;) and
the distance between the karst cave in front of the pile and
pile side (X,) display significant correlation with the bearing
capacity of the anti-slide pile, and, hence, are the main factors
affecting the bearing capacity of the pile. In the range of
values considered within this study, the larger the values of X,
and X,, the higher the bearing capacity of the pile.

When the karst cave under the pile is close to the pile end
(<0.3m) or the distance between the surfaces of the two karst
caves is small (<0.2 m), the plastic strain of the two thinner rock
masses here is high when the anti-slide pile is being loaded. These
two thin rock masses will be destroyed first, which will lead to the
instability of the anti-slide pile. In view of these two kinds of karst
cave distributions, the karst cave should be treated first, and any

2)
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