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Abstract: An anti-slide pile is a common landslide control measure. Compared with the full-length
pile whose top extends to the ground, the buried pile is more optimal in internal force distribution,
saves material and has remarkable economic benefits. At present, there is a lack of in-depth theoretical
analysis on the pile length of the load section of double-row buried piles. In order to establish the
design calculation method of pile length in the load section of double row buried piles, this paper is
based on the failure mode of overtopping. The design equation of load section pile length is obtained
by using the transfer coefficient and limit equilibrium method. Taking a landslide in Yan’an City,
Shaanxi Province, China, as an example, the reliability and economics of double-row buried piles are
verified by comparing the treatment effects of single-row, double-row and double-row buried piles,
and the engineering design is completed. The results show that the landslide control project using
the design calculation method can meet the requirements of slope stability and at the same time save
a quarter of the material compared with the double row of full-length piles. The engineering example
proves the rationality and practicability of the design method and provides engineering reference
value for the use of the double-row buried anti-slide pile structure in large-scale landslide treatment.

Keywords: double-row buried pile; overtopping failure; load section pile length; limit equilibrium
theory

1. Introduction

Landslides are common geological disasters across the globe. For example, a total
of 4761 geological disasters occurred in China in 2021, of which 2335 were landslides,
reaching half of the total number of geological disasters [1]. Figure 1 shows the statistical
chart of the number of landslide occurrences, casualties and direct economic losses from
2010 to 2021, with data from the National Bureau of Statistics (the lower limit of the scale
of geological disasters calculated in this paper is three people died and disappeared or
caused direct economic losses of CNY 1 million) [1]. It can be seen that the number of
landslide occurrences shows a decreasing trend. However, in terms of quantity, the number
of landslides is still huge. Moreover, it has become one of the most important geological
disasters affecting people’s lives, production and safety, contributing major threats and
hazards to local human settlements and urban construction safety. The urban growth and
population increase generate increasing risk as more people are exposed to such hazards.
Therefore, landslide prevention and control has become a hot issue in geotechnical disaster
prevention and mitigation [2,3].
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Figure 1. Statistics on the number of and damage caused by landslides from 2010 to 2021 (data
originate from National Bureau of Statistics).

An anti-slide pile is a common landslide treatment measure, which refers to the pile
that penetrates through the slide body and goes deep into the slide bed to support the
sliding force of the slide body and play the role of stabilizing the slope. The thrust of the
sliding body is balanced by the resistance of stable ground below the sliding surface of the
anti-slide pile, and the stability of the slope is increased. Anti-slip piles have been widely
used in landslide treatment because of their advantages, such as flexible pile burial, strong
anti-slip ability, obvious reinforcement effect and convenient construction [4,5]. For some
accumulative landslides, when the pile body is damaged, the deformation of the pile body
is “S”-shaped, and the deformation area is mainly concentrated near the sliding surface.
The bending deformation area of a single-row pile body is about a quarter of the total length
of the pile body, and the deformation area of the double-row pile group structure is about
three tenths the total length of the pile body, and the deformation near the slope is relatively
small [6,7]. When the ordinary fully buried anti-slide pile is selected, the resistance is
mainly borne by the pile body near the sliding surface. The middle and upper part of the
load section cannot give full play to the anti-slide function, resulting in the waste of the
upper part of the pile material, which makes the project investment increase. According
to the survey and design specifications of various industries in China, the engineering
requirements can be achieved as long as the landslide reinforcement achieves a certain
stability. Therefore, the length of anti-slide piles can be reduced under the premise of
meeting the design requirements so as to reduce the engineering cost and save overall costs,
which requires in-depth research regarding the structural form of anti-slide piles.

A buried anti-slide pile refers to an anti-slide pile with the whole pile body buried
inside the slope body and a certain distance between the pile top and the slope surface [8].
The buried pile is mainly arranged near the sliding surface of the pile body. At this time,
the pile body only bears part of the landslide thrust, and the remaining thrust over the
top of the pile is resisted by the rock—soil body itself, so the internal force of the pile body
will be much smaller than that of the full-length pile. Studies have shown that this pile
structure can effectively overcome the shortcomings of full-length piles [9,10]. Compared
with full-length piles, buried piles have shorter force section length, lower maximum
bending moment of pile body, and lower material usage, which can reduce costs when
treating landslides with larger sliding body thickness, and they have been applied to some
extent in landslide treatment in recent years [11].
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The second section will be devoted to the research results of single-row piles. At
present, the research on buried piles mainly includes three aspects: theoretical analysis,
model experiment and numerical simulation. Zeng Shiren et al. [12] proposed a simplified
calculation method for embedding anti-slide piles in the horizontal and inclined sections
of landslides and demonstrated the significant economic benefits of submerged piles in
landslide treatment projects with engineering examples. GB 50843-2013 [13] Technical Code
for Construction Slope Engineering, edited by Chongqing Urban and Rural Construction
Commission and approved by the Ministry of Housing and Urban-Rural Development of
the People’s Republic of China, mentioned that the top elevation of buried anti-slide piles
should be controlled to avoid the sliding of rock and soil from the top of piles [13]. It is
mentioned in GB/T38509-2020 [14] “Landslide Prevention and Control Design Code” that
the design safety factor of buried anti-slide pile length should not be less than 1.25 (the
design safety factor is the safety factor that the design should meet according to the grade
of landslide control engineering and other factors. The safety factor is the coefficient of the
anti-sliding stability of a landslide and is the ratio of anti-sliding force and sliding force
along the sliding surface of a landslide). For a soil landslide, the cantilever length of the
buried anti-slide pile should not be less than 0.55 times the thickness of the slide body, and
it is stipulated that the landslide thrust should be verified by the limit balance method [14].
Xiao [9] used the limit equilibrium theory and the transfer coefficient method to obtain
the calculation method of the buried depth of the rear pile. Moreover, he established the
relationship between the buried depth of the pile top and the stability coefficient of the
slope and draws the conclusion that the stability coefficient of the slope after reinforcement
decreases with the increase in the buried depth, and the internal force of the pile is also
decreasing. Yan [15] et al. derived the analytical solution of the buried depth of the top
of the pile based on the possible failure mode of the buried-pile-reinforced landslide,
combined with the transfer coefficient method and the variational method under the
framework of the limit equilibrium theory, and analyzed the thrust of the sliding body in
the buried section and the loaded section with the help of the rigid body limit equilibrium
theory. Xiong [16] conducted a simple model test and numerical simulation for the buried
pile, preliminarily discussed the thrust distribution rule of the pile, the buried depth and
feasibility and concluded that the buried pile was more economical and optimal than the
full-length pile. Zheng Yingren’s team [17-20] conducted a series of studies on buried piles.
Using the finite element strength reduction method and large-scale physical model tests,
they analyzed the magnitude and distribution mode of the thrust force of the pile body and
pile top and obtained the relationship between the buried depth and the stability coefficient
of the reinforced slope. They obtained the conclusion that the landslide thrust after the
pile is negatively correlated with the buried depth, and the pile topsoil thrust is positively
correlated with the buried depth.

The current research on single-row buried piles has been relatively mature. However,
in large-scale landslides or important landslide control projects, because of the large sliding
force, it is difficult to ensure the stability of slope or control the further deformation
development of side slope. Therefore, in large-scale landslides or important landslide
control projects, more of them are treated with double-row piles. In landslide control, if
the buried pile is arranged in multiple rows, it can not only provide greater anti-sliding
resistance but also solve the problem of waste of pile length in the load section, and the
construction safety is greatly improved. The following part will discuss the research results
of double-row piles. In the study of double-row buried piles, Wang Xu [21] used the finite
element method to study the pile-soil interaction of double-row buried anti-slide piles
with connected beams and obtained the variation trend in internal forces of front and back
piles with row distance. Lu Meijun [22] theoretically analyzed the structure and force
characteristics of double-row buried anti-slide piles with connected beams and, combined
with engineering examples, studied the distribution of landslide thrust of buried double-
row anti-slide piles. Li Junfei [23] theoretically derived the landslide thrust distribution
model of the front and back rows of double-row buried anti-slide piles, analyzed the force
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and deformation characteristics of the front and back rows of piles with different row
spacing by using the finite element method and put forward design suggestions for row
spacing, pile spacing and layout. Yan Yuping [24] used the variational method under the
framework of limit equilibrium theory to calculate the buried depth of the rear pile and
proposed a method for calculating the thrust of the rear pile based on the strain softening
effect of the sliding strip.

To sum up, the research on double-row buried piles is in its infancy; the design mainly
relies on numerical simulation and engineering experience, and the design calculation
model is still unclear. The main problems are unclear understanding of the internal force
transfer mechanism of the soil in the top of the pile under the failure mode of overtopping
and unclear theoretical design and calculation method of optimal pile length of double-row
buried piles because most of the failure forms of anti-slide piles in engineering cases are
overtop failure and overtop failure occurs easily because of the short pile length in the load
section of the buried piles. Therefore, in this paper, the pile length of the load section of
anti-slide piles under the failure mode of overtopping is studied, the theoretical design
calculation is carried out for the first time and the reliability of the design method is verified
by practical cases.

This paper first explains the anti-sliding mechanism of double-row buried piles under
overtopping failure and at the same time deduces the design and calculation of the optimal
pile length. By using the limit equilibrium theory and the transfer coefficient method, the
calculation method of the optimal pile length of the load section of double-row buried
piles is obtained. It is helpful to popularize the application of double-row buried piles in
engineering.

2. Analytical Model

In Figure 2, the slip surface is the interface during the sliding process of the sliding
body. The front anti-sliding pile represents the pile in the double row that is relatively close
to the landslide front. The rear anti-sliding pile represents the pile in the double row of
piles relative to the rear edge of the landslide. The potential slip surface refers to the new
sliding surface generated when the overtop failure occurs after setting the buried pile. Line
OA is the initial horizontal sliding surface, and line segments OB and BD are the potential
sliding surface over the top. The angle between OB and the horizontal line is called the
initial rupture angle. The extended line segment OB intersects at point Q at the front pile,
and the angle formed by the line BD and BQ is called the secondary fracture angle. Line
segment AB represents the load-bearing section length of the rear pile, and line segment
CD represents the load-bearing section length of the front pile.

In previous literature [9], a simplified calculation method for load section length of
single-row submerged anti-slide piles was derived. On this basis, this paper proposes
a simplified calculation model for strengthening the slope with double rows of buried
piles, as shown in Figure 2. When overtopping failure occurs, a new potentially dangerous
sliding surface is generated in the local sliding body above the sliding surface, which is
generally shorter than the original potential sliding surface. If only a single row of buried
piles is installed, the topsoil of the piles will slide along the OB fracture surface, and, when
the sliding body is thicker, a larger landslide thrust will be generated, and the possibility of
overtopping failure is greater. If double rows of buried piles are set and the load sections at
the front and back are equal in length, the soil at the top of the pile will still follow the OB
sliding surface of the fracture plane when the top failure occurs, and the anti-sliding effect
is the same as that of single rows of buried piles, which cannot strengthen the anti-sliding
effect. If double rows of buried piles are set and the load section length of the front row is
slightly higher than that of the back row, a kick point (point B) will be generated on the
fracture surface, forming an OB-BD fracture surface. Compared with the top failure mode
of single rows of buried piles, the double rows of buried piles have stronger anti-sliding
ability. Therefore, the analysis model of this paper is the double-row buried pile with load
section in front slightly longer than that in back.
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Figure 2. Schematic diagram of landslide reinforcement by double rows of submerged piles.

When the top failure occurs, only part of the sliding force of the back sliding body
OAB is applied to the pile body because the back pile body AB prevents the deformation
from the top of the pile to the sliding surface. The soil POBF at the top of the pile slides
forward along the fracture plane OB, and the fracture angle is the angle between OB and
the horizontal plane. In this case, since the deformation of the soil mass at the top of the
back pile is not constrained, the soil pressure at the top of the pile is transmitted along the
fracture plane OB to the soil mass at the top of the front pile and the soil mass between the
rows. Moreover, the soil pressure at this part of the soil mass continues to be transmitted
along the fracture plane BD, at which time a new angle of rupture ZDBQ will be generated,
and the overtop failure will eventually occur.

3. Calculation Method
3.1. Fundamental Assumption

The main control condition for determining the optimal pile length of the load section
of the double-row buried pile is that no potential sliding surface over the top can be
generated in the sliding body. To simplify the analysis, the following assumptions occur:

(1) The pile body has sufficient length and stiffness to prevent it from being destroyed;
the initial slip surface of the slope is known and can be determined by geotechnical
engineering or geological investigation.

(2) When double-row submerged anti-slide piles are used for governance, the front
piles should first be set at the front edge of the sliding body as far as possible, and then
the back piles should be set so that the back piles can play the anti-slide effect when the
optimal row spacing is used.

(3) The initial sliding surface OAC between the OBD and the loading section of the
pile is in the limit equilibrium state and meets the Coulomb strength criterion.

(4) Both OBFP and BDEF of wedge are rigid bodies, and the initial fracture angle of
OBEFP of wedge is (3 =45° — ¢/2). The secondary fracture angle of BDEF of wedge is 31,
and 31 is the angle between BD of pile top and the extension line of initial fracture angle
of OB.

3.2. Establishment of Calculation Method
3.2.1. Calculation When the Sliding Surface Is Horizontal
Figure 3 shows the simplified calculation diagram of double rows of buried piles when

the sliding surface is horizontal. Figure 3a shows the general analysis model; line OA is the
initial horizontal sliding surface, and line segments OB and BD are the potential sliding
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surface over the top. The angle 3 formed by line segments OA and OB is called the initial
rupture angle (3 =45° — ¢/2). The extended line segment OB intersects at point Q at the
front pile, and the angle 3; formed by the line BD and BQ is called the secondary fracture
angle. H; represents the length of the rear pile above the sliding plane, h, represents the
length of the front pile above the sliding plane, H is the thickness of the sliding body, L is
the distance between point O and point A, a is the distance between the front and back
piles and b is the width of the pile, ¢ as the cohesion coefficient and ¢ as the friction angle.
Figure 3b shows the loading model of mass POBF, where Ej is the landslide thrust at line
OP, E; is the soil resistance generated by mass FBDE (direction parallel to line OB), W,
is the dead weight of mass POBF and N is the supporting force of mass OAB (direction
perpendicular to line OB). Figure 3c shows the loading model of mass FBDE. E;’ is the
landslide thrust transferred by mass POBF to the FB surface (equal in magnitude and
opposite in direction to E;), W3 is the dead weight of mass FBDE and Nj is the supporting
force on the BD surface (direction perpendicular to line BD).
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Figure 3. Simplified calculation diagram of the row of buried piles (when the sliding surface is
horizontal) (a). General analysis model; (b). loading model of mass POBF; (c). loading model of
mass FBDE.

(1) hy calculation when the sliding body does not slide along the passive earth pressure
rupture surface OB.

Force analysis is carried out on the overtop slider OBFP. The soil body weight of the
wedge OBFP is Wy, the landslide thrust on the OP interface is Ey, the resistance generated
by the wedge BDEEF is E; (direction parallel to OB), the supporting force of the soil OAB is

N; (direction perpendicular to OB fracture plane) and the friction force is Ny x tang. The
Chl
sin°

cohesion is
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Given the design safety factor, the landslide thrust Eg acting on the OP surface can be
easily solved using the transfer coefficient method [21], and the relevant solving process is
shown in Equations (1) and (2):

t . .
E; — Wisin 6;—Wjcos 6, % _ 1.5 L y.E, | (1)
Fs Fs
. tan @;
¥i = cos(6i—1 —6;) —sin (0;—1 — 0;) — ' 2)
S

In Equations (1) and (2), E; represents the remaining sliding force of bar i. E; 1
represents the remaining sliding force of bar i — 1. '¥; represents the sliding plane inclination
of bar i. 6;_1 represents the sliding plane inclination of bar i — 1. W; represents the dead
weight of bar i. [; represents the sliding plane length of bar i, and c; represents the cohesive
force of bar i. i is the residual sliding force transfer coefficient between bars i — 1 and i. F;
is the design safety factor.

It should be noted that other classical limit equilibrium methods can also be used to
solve the sliding force, such as Morgenstern—Price method [25], Spencer method [26], Janbu
method [27], etc. The Morgenstern—Price method assumes that there is a proportional
relationship between tangential force and normal force between bars. Moreover, the
position of the force point between the bars changes with the inclination of the sliding
surface. Spencer method assumes the ratio of horizontal and vertical forces between strips
is constant, so the calculation is simple. Janbu method assumes that the position of the
point of force between strips is 1/3 of the sliding surface, so the calculation may be difficult
to converge.

The thrust force along OB under Eg is Egcos (45o — %) .
The thrust perpendicular to OB under Ej is Egpsin (45o - %)

W, = (yHL - %hlL)b

M
~ tanp
Therefore,
h2
Wy = ybcot 3| Hhy — ?1 3)

The equilibrium equation can be derived from the limit equilibrium condition of

the force:
C]’ll

Egcos p= E1 + Wysin B+ (Wjcos B+Ep sinf) tand + Sinp

(4)

(2) hy calculation when the sliding body does not slide along the passive earth pressure
rupture surface BD.

Force analysis was carried out on the overtop slider BDEF (in order to make the design
results biased to safety, only the force analysis was carried on the wedge BDEF, without
considering the gravity of the wedge EDG). It was assumed that the body weight of the
wedge BDEF soil mass was W, and the landslide thrust on the BD interface was E;” (E;’
and E; were equal in size and opposite in direction).

The thrust force along BD under E; is Egcos 31.

The thrust perpendicular to BD under E; is Epsin 31

_ Ybcot(By +B)

W, >

(ha —h1)(2H — hy — hy) 5)
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The equilibrium equation can be derived from the limit equilibrium condition of
the force:

) . c(ha—hy)
Eqcos ;= Wasin + B)+|Wacos(B1 + B) + Eqsin 4] tanp + ——~ 6
1c08 B1= Wasin (B1 + B)+[Wacos(B; + B) + Eysin By] tand sin(By + B) (6)
Simultaneously, (2) and (4) can be obtained,
Eo(cos B —sin P tan ¢)
=W, sm(ﬁgsﬁgff;i(fgﬁ)m““’ + Wi (sin  + cos Btan ¢) 7)
+ﬂ + C(h27h1)
sinf3 ' sin(Bq+p)[cos p1—sin Btan P]
Let in B-tcos ptan
sin 3+cos ftan
m = ybeot B cos p—sin Btan ¢
(By) = Ybeot(B1 + B) " sin (B1 + B) + cos(B1 + B)tan d
8P1 cos 3—sin Btan ¢ cos 31 —sin 31tan ¢
q(B1) = sin(By + B)[cos B1 — sin Bytan ]
Therefore,
Ey=[m—g(B1)] Hh—hi +(B)th@ + ¢ (h —h)+Lh (8)
0= 8\P1 1= 5 8\b1 275 11([31)2 Ut snp™h
As can be seen from the position relationship in Figure 3,
hy —hy = atan(B + B1) )

When the sliding surface is horizontal, Equations (8) and (9) must be satisfied to ensure
that the soil behind the pile does not slide along the OBD plane. When the initial sliding
surface of slope body is known and soil parameters are determined, the optimal pile length
of hy and h; can be obtained by Equation (8), and the optimal pile spacing of double row
piles can be obtained by using the fracture angle (31. It is mentioned in GB/T38509-2020
“Landslide Control design Code” that the cantilever length of the buried anti-slide pile is
not less than 0.55 times the thickness of the slide body, that is, h; > 0.55 H. Therefore, the
optimal range of pile length of h2 can be determined when the row spacing is provided,
and the obtained h1 and h2 are the minimum values when the stability conditions are met.

3.2.2. Calculation When the Sliding Surface Is Tilted

As shown in Figure 4, when the pile section is inclined, the wedge shape OBFP can
be simplified to OBFH, and the calculation model when the sliding surface is inclined
can be simplified to that when the sliding surface is horizontal. The optimal range of pile
length of 1/} can be determined by using the equation k] > 0.55 H. The slope angle of the
sliding surface is set to 6, and the other conditions are the same as when the pile position
is horizontal.

As can be seen from Figure 4,

_ M
~ tanp

tan 0
W =Ltan =——Hn!
an tan f3 1

So, when the pile site is inclined,

hy=H, +1 (10)
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Then, according to Equation (9), the relationship between h;, hy and 3 can be obtained
when the pile section is inclined, namely,

h2 h2
Eo = [m — g(B)] <th - 21> +¢(By) <Hh2 - 22> n @(hz — )+ ﬁh’l (11)

In other words, when the pile position is inclined, Equation (11) must be satisfied
to ensure that the soil behind the pile does not slide along the OBD surface. The above
solution process provides a strict solution to the optimal pile length in the load section of
the sunk pile in the failure mode over the top, and the solution process can be completed
with the help of MATLAB.

P Slope Surface
¥

H 'F
a p
E E W, J'/ F 'E
= B Wb
| K B AN,
i Pl \Nl Ep L,’/,‘)S’ﬁ }
Ok \B B By
(b) (0)

Figure 4. Simplified calculation diagram of double row of buried piles (when the sliding surface tilts)
(a). General analysis model; (b). loading model of mass HOBF; (c). loading model of mass FBDE.

4. Instance Analysis
4.1. Project Profile

A landslide was located in Yan’an City, Shaanxi Province. According to the relevant
data combined with the comprehensive analysis of field investigation and drilling sampling,
the longitudinal length of the landslide is about 556.9 m, the transverse width is 290.01 m,
the landslide area is about 450.6 x 10* m?, the average thickness of the landslide body is
17.86-27.9 m and the highest point of the ground is located at the rear wall of the landslide.
The ground elevation is 1048.01 m, the lowest ground is located at the shear exit of the
landslide front and the ground elevation is 920.0 m, among which the ground elevation of
the landslide body is 913.88-1010.83 m, and the height difference is about 97 m. Secondary
scarp developed on the slope, the overall slope was 15-25°, the north side was slower and
the south side was steeper. The geographical location of the landslide area is shown in
Figure 5.
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Figure 5. Geographical location of the landslide area.

According to the field investigation, engineering geological mapping and landslide
exploration, the structural characteristics of the landslide are summarized as follows: the
landslide is a typical old landslide (old landslides are those that have occurred since the
Holocene to 100 years ago or have not been experienced by living locals, and the rock and
soil mass after the landslide is dense), and the slope has been reclaimed by the villagers
into artificial terraces. In the middle and upper part of the slope, the ground slope is small,
and the transverse fluctuation is not large. The ground elevation is 977.91 m-1014.45 m,
and the slope is 3-4°. The stratigraphic structure is mainly composed of Upper Pleistocene
loess (Q5¢°)), paleosol (Q5¢h), Middle Pleistocene loess (Q,%), paleosol (Q,®") and Holocene
landslide deposit loess soil. Figure 6 shows the panoramic satellite image of the landslide.

Landslide

“Firection

Figure 6. Panoramic satellite image of landslide (according to Google Earth).

The central part of the platform is a wide platform with gully development at the front.
There are two large gullies in the middle of the landslide, which are in the same direction as
the landslide. The surface strata of the slope body are mainly loess soil accumulated in the
Quaternary Holocene Series. The ground surface of the middle and lower part of the slide
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body presents an alternate geomorphic form of steep ridges and platforms. The height
difference of the steep ridges is about 10 m to 20 m, and the slope is about 70 to 80°. From
the bottom of the steep ridges to the front of the slide body;, the terrain is relatively gentle,
and the ground slope is 8° to 10°. The surface strata are mainly loess soil accumulated by
the Quaternary Holocene landslide, and the terrain is connected by steep ridges of about 1
to 2 m. The upper part is planted with various crops. The landslide plan and the position
of displacement monitoring points are shown in Figure 7.

" The lengthis 556.9m™
. The width is 290.01m

0 om S _
Legend
Landslide area Landslide Direction

[ Section and Number [A |Deformation Monitoring Point
(-] Isohypse Line (] Construction Planning Area
Figure 7. Landslide plane topographic map and displacement monitoring point layout.

4.2. Stability Analysis

In order to obtain the mechanical properties of the sliding body soil layer, a certain
number of undisturbed soil samples were taken from different boreholes on the sliding
body for natural and saturated fast shear tests and natural and saturated shear tests. In
order to facilitate the statistics of the physical and mechanical properties of the slip body, the
strata of the slide body revealed in the exploration area were re-stratified and divided into:

(1) Malan Loess (Q3¢°): Tt is light yellow; the soil is mainly silty soil, low density and
humidity. It contains a small amount of calcium nodules and calcium streaks, and its
layer thickness is 0.80-19.80 m.

(2) Paleosol (Q;¢): It is brown, the soil is mainly silty clay and the humidity and density
are moderate. White calcareous streaks and a few calcareous nodules are seen. Its
layer thickness is 1.30-13.80 m.

(3) Lishi loess (Q,*°)): The soil is yellowish-yellow and mainly silt. Contains small
amounts of calcareous nodules and ferromanganese streaks, containing mica. The soil
layer is 1.70-36.40 m thick.

(4) Paleosol (Q;%): The soil is yellowish-brown, mainly silty clay. There are a few white
stripes and iron and manganese stripes, and the bottom contains a small amount of
calcium nodules. The soil layer is 3.30-13.00 m thick.

(5) Lishi loess (Q,*°!): The soil is yellowish-yellow, mainly silty soil. Inside can be
seen wormhole, pinhole development, iron and manganese spots. The soil layer is
3.20-15.60 m thick.

On the basis of stratification of the sliding body, according to the requirements of
Code for Investigation of Geotechnical Engineering, the indoor soil test data of each layer in
the sliding body are analyzed by mathematical statistics after individual discrete data are
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deleted. The statistical results of the shear strength index of each layer of the sliding body
are presented in Table 1.

Table 1. List of experimental results and index parameters of each soil layer of landslide.

Natural Condition Saturation Condition

Stratum
v (kN/m%)  C (kPa) D (°) v (kN/m®)  C (kPa) @ (°)
Malan loess 19.5 13.5 19.5 20.1 9.8 13.0
Paleosol 19.6 18.0 20.0 20.2 15.0 10.0
Lishi Loess 19.9 15.0 23.0 20.3 10.2 15.0
Paleosol 194 18.0 20.0 20.3 15.0 10.0
Lishi Loess 19.9 15.0 23.0 20.4 10.2 15.0
Slipband 19.7 13.0 12.0 21.9 10.0 10.0

The stability calculation equation is calculated using the equation in GB/T38509-2020
Design Code for Landslide Prevention and Control [14], and two working conditions are
selected for this calculation. Condition 1: natural state, that is, the limit equilibrium state of
the slope under natural conditions. This condition is used to evaluate the stability of the
current slope and calculate the physical and mechanical parameters of the slide surface.
Condition 2: saturated state, which is the most unfavorable case for continuous heavy
rainfall. Under this condition, the slope body gained weight and the strength of the sliding
surface decreased obviously, and the slope body was most likely to slide again under
this condition.

Since the landslide threat object is the resident gathering area at the foot of the slope
and contains the power project, the importance level of the facilities threatened by landslide
is important. According to DZ/T0219-2006 “Technical Code for Design and Construction
of Landslide prevention and control engineering”, the landslide control and control en-
gineering should be grade I, and the safety factor under the natural condition is 1.3; the
safety factor under the saturated condition is 1.15. The transfer coefficient method is used
to calculate and analyze the stability and safety of the landslide after excavation, and the
results are shown in Table 2.

Table 2. Stability calculation results.

Surplus Sliding

Selection Condition  Stability Coefficient Force (KN/m) Steady State
Condition 1 1.387 1900 stabilization
Condition 2 1.089 1711 understable

As can be seen from Table 2, the stability coefficient of the slope under natural condi-
tions is 1.387, which is greater than the design safety factor 1.3 stipulated in the Technical
Code for Design and Construction of Landslide Prevention Engineering. However, the
stability coefficient of the slope under saturation conditions is 1.089, which is less than
the specified value of 1.15. According to the results of slope stability analysis, its stability
level is poor, and it is in urgent need of engineering treatment. Considering the relatively
small annual rainfall in the survey area and the good natural drainage conditions around
the slope, it is difficult to achieve full saturation of the slope. Therefore, the parameters
representing the natural state are used for engineering design.

4.3. Construction Design

In landslide geological disaster control measures, anti-slide pile is widely used in
landslide control because of its strong anti-slide ability, wide application conditions and
good control effect. Therefore, according to the engineering examples in this paper, single-
row full-length, double-row full-length and double-row buried anti-slide piles are selected,
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respectively, for landslide design, and the safety factor and engineering quantity after
treatment are calculated to select the optimal treatment scheme.

(1) Single row of full-length anti-slide piles.

When a single row of full-length anti-slide piles is used for landslide treatment, the
round-section mechanically drilled anti-slide piles are adopted. In order to meet the
strength requirements, the pile diameter should be 4.0 m, the pile spacing between two
adjacent piles is 8.0 m and the pile length of the load section of the pile body is the same
as the thickness of the slide body, which is 26.0 m. The pile bottom is buried 8.0 m below
the bedrock surface, the total length of anti-slide piles is 34.0 m and a total of 36 piles
are arranged.

At this time, the transfer coefficient method recommended in the Technical Code for
Design and Construction of Landslide Prevention Engineering, that is, Formulas (1) and (2),
can be used to calculate the stability coefficient when a single row of full-length anti-slide
piles is set, and the calculation process can be realized by normal rock and soil software.
The calculated stability coefficient is 1.2 (less than the specified design safety factor 1.3), and
engineering quantity of landslide control is 15,373 m?. It can be seen that the cost is high, the
retaining effect is not ideal and the reinforcement does not meet the structural requirements
because of the large section of the single-row full-length anti-slide pile. Therefore, the use
of double-row full-length anti-slide piles is considered.

(2) Double row of full-length anti-slide piles.

If double rows of full-length anti-slide piles are used for treatment, the anti-slide piles
used in this treatment project are circular anti-slide piles with a diameter of 2.5 m according
to the principle of structural design, and the spacing between two adjacent piles is 5.0 m,
and the spacing between rows is 5.0 m. The length of load section and anchorage section
of pile body is the same as that of single row, and the tops of front and back anti-slide
piles are level with the ground, and the number of anti-slide piles is 72. Under this design
condition, the stability coefficient is 1.3 (it is equal to the safety factor value 1.3 stipulated
in the Technical Code for Design and Construction of Landslide Control Engineering) and
the engineering quantity is 12,717 m>. It can be seen that the strength of a double-row
full-length anti-slide pile meets the requirements, but the engineering quantity is large,
resulting in high cost.

(3) Double row of buried anti-slide piles.

It can be seen from the above that a landslide in Yan’an City, Shaanxi Province, has
a large scale, large thickness of sliding body and large residual sliding force. If a row of
anti-slide piles is set up with a large section, the cost is high and the retaining effect is not
ideal. If double rows of anti-slide piles are set up, the materials used are also more, and,
due to the needs of upper engineering construction, no structures can be set up at a certain
position away from the slope, so double rows of submerged anti-slide piles are considered
for treatment. In order to reduce the construction period, the anti-slide pile with circular
section is mechanically drilled, the pile diameter is 2.5 m and the distance between two
adjacent piles is 5.0 m, which is arranged according to a rectangle.

According to GB/T38509-2020 “Design Code for Landslide Prevention and Control”,
the cantilever length of the buried anti-slide pile is not less than 0.55 times the thickness of
the slide body, and, because the slope angle of the slide body is 8°, it can be determined
that the length h; of the load section of the rear pile should not be less than 18 m. It has
been concluded in previous literature that the optimal row spacing of double-row anti-slide
piles should be 2—4d (d is pile diameter) [23]. Therefore, based on the above optimal row
spacing, this paper uses Equation (11) to analyze and discuss, and determines the minimum
pile length of the load-bearing section of the front pile and the corresponding secondary
rupture angle by changing the row spacing and the length of the load-bearing section of
the back pile. The calculation results are shown in Table 3.
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Table 3. Calculation results of load section length of pile under different working conditions.

Row Spacing Load-Bearing Load-Bearing Initial Seconda
Condition (d: Diameter of Section of Section of Rupture Angle Rupture A:;y le
the Pile) Rear Pile Front Pile uptu 8 uptu &

2d 21.107 m 18.239°

1 3d 18 m 21.175 m 18.238°
4d 21.656 m 18.235°

2d 23.697 m 8.857°

2 3d 19m 23.902 m 8.857°
4d 23.936 m 8.857°

2d 24.039 m 24.526°

3 3d 20m 24214 m 24.525°
4d 24241 m 24.525°

2d 23.699 m 27.838°

4 3d 21m 23.471m 27.837°
4d 24194 m 350 27.839°

2d 23.532 m 18.261°

5 3d 22m 23.684 m 18.260°
4d 23.637 m 18.260°

2d 25.248 m 24.543°

6 3d 23 m 25.237 m 24.543°
4d 25.322 m 24.543°

2d 24.632 m 27.833°

7 3d 24 m 24.962 m 27.834°
4d 25.000 m 27.834°

2d 25.670 m 30.834°

8 3d 25m 25.711 m 30.834°
4d 25.747 m 30.834°

As can be seen from Table 3, when the row spacing increases, the minimum load-
bearing section length of the corresponding front pile gradually increases. As can be seen
from Table 3, in each case, the secondary fracture angle is smaller than the initial fracture
angle, indicating that the scenario set in this paper where the front pile is larger than
the back pile reduces the possibility of overtopping failure. At this time, both h; and h,
obtained are the minimum values when no topping failure occurs; that is, the stability
coefficient is 1.

As stipulated in the Design Code for Landslide Prevention and Control, the safety
factor of the design stability of the buried anti-slide pile length should not be less than
1.25, and, because the prevention and control project of the landslide treatment should be
grade I, the safety factor in the natural state is 1.3, so the safety factor of the design is 1.3.
Therefore, the load-bearing section length of the back pile is 18 m and the load-bearing
section length of the front pile is 22 m. By using the unbalanced thrust transfer coefficient
method, the stability coefficient of the design condition is 1.305 > 1.3, which meets the
stability requirements. The anchoring section length is 1/4 of the total pile length; that
is, the anchoring section length of the back pile is 6 m, the anchoring section length of
the front pile is 8 m and the row spacing is 5 m. At this time, the engineering quantity
is about 9537 m?, and, compared with the double row of full-length piles, the material
is saved about 1/4 and the economy of the project management is improved. Therefore,
double-row buried piles are selected for engineering treatment, and the design diagram of
slope reinforcement by double-row buried piles is shown in Figure 8.
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Figure 8. 1-1’ section view of landslide construction reinforced by double rows of buried piles.

In Figure 8, the sandy mudstone is light gray or dark gray, with an argillaceous struc-
ture and horizontal bedding. The mixed fill is grey and black, mainly consisting of cinder,
brick and silty clay deposits. ZK1 and ZK2 represent the location of the borehole. As shown
in Figure 8, the load-bearing section length of the front and back anti-slide piles is 22 m and
18 m, respectively, the anchoring section length is 8 m and 6 m, respectively, and the row
spacing is 5 m. The landslide design was completed in 2017, and three displacement moni-
toring points, J1, J2 and J3, were set. The cumulative horizontal displacement monitoring
data are shown in Figure 9.
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Figure 9. J1, ]2, ]3 surface monitoring horizontal displacement diagram.

As can be seen in Figure 9, the cumulative horizontal displacements at J1, J2 and J3
gradually increase before landslide treatment. The increment of horizontal displacement
decreases gradually after the double-row pile engineering is applied to the landslide. This
shows that the landslide control is successful, and it is optimal to use the calculation
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equation of the pile length of the double-row buried pile derived in this paper. The
engineering example proves the rationality and practicability of the design method and
provides engineering reference value for the use of the double-row buried anti-slide pile
structure in similar large-scale landslide treatments.

5. Results and Discussion

In this paper, based on the potential failure mode of overtopping, the mechanism
of soil internal force transfer at the top of double-row buried piles is described, and the
design calculation method of pile length at the load section of a double-row buried pile
is proposed.

(1) Based on the simplified calculation model of the pile length of the loading section
of the single-row buried pile, a theoretical analysis model of the double-row buried pile is
established. The soil mechanical transfer mechanism of the double-row buried pile in the
case of overtopping failure is expounded. In order to achieve a better anti-sliding effect,
the pile length of the load section of the front pile should be slightly higher than that of the
back pile. When overtopping failure occurs, a new rupture angle will be generated when
the soil thrust acts on the front pile.

(2) Based on the established theoretical analysis model of double-row buried piles, the
transfer coefficient method and rigid body limit equilibrium theory are used to analyze the
force on the potential sliding surface over the top and the sliding body surrounding the
slope. Moreover, the design calculation equation of the pile length at the load section is
obtained when the pile position is horizontal and inclined.

(3) Taking a landslide project in Yan’an City, Shaanxi Province, China, as an example,
the landslide control effects of single row length, double row length and double row sinking
are compared. Compared with double-row full-length pile, the double-row buried pile
saves about a quarter of the material and improves the economy of engineering treatment
under the condition that the strength meets the requirement.

(4) The pile length design and calculation of the load section of the double-row buried
pile in the landslide control project have been completed. The engineering feasibility of the
proposed design calculation method is verified by practical application, which can provide
engineering reference value for the use of the double-row buried anti-slide pile structure in
similar large-scale landslide treatment.

(5) The design method of pile length at the load section of the double-row buried pile
derived in this paper is suitable for landslides with a thick sliding body. When the sliding
body is thick, it will produce a large landslide thrust if the use of double row of full-length
pile treatment cost is greater and the construction difficulty is greater. At this time, double
rows of buried piles can be used for treatment, which can avoid material waste and save
costs under the premise that the strength meets the requirements.

(6) In order to facilitate calculation, the soil in front of the pile is assumed to be a rigid
body in the analytical model in this paper, but the soil is actually an elastic material, so the
equation derived in this paper has certain errors. The design method is used to analyze
the strength of a landslide project in Yan’an, and the reliability of the calculation method
is verified. It is hoped that future research will address these limitations and provide
further insights.
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