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Abstract: High steep landslides are a major concern for infrastructure construction in the mountainous
areas of Western China. The micro-pile technique has been gradually used to prevent landslides,
due to convenient construction and good performance. However, the application of the micro-pile
technique on landslide prevention was generally implemented on the front edge of landslides, which
is not applicable for the high steep landslides due to the limited operation space. In this study, a
large-scale model test on the performance of a micro steep pile group on the prevention of high
steep landsides was conducted in order to implement the micro-pile on the top of landslides. The
force-deformation characteristics and failure modes of the steel pipe micro-pile group reinforcing
high steep landslides were investigated. The test results showed that the landslide thrusts acting on
the micro-pile group showed a triangle distribution. The maximum soil earth pressure was observed
near the slip surface during landsides. The resistance of the micro pole group was distributed in
an inverted triangle, mainly in the upper half of the loaded section. The sliding bed resistance is
unevenly distributed along the height direction, and is larger near the slip surface. Once the landslide
occurred, the force distribution of each row of steel pipe micro-piles was basically the same. The
bending moment of the loaded section of the steel pipe micro-pile was mostly negative, with a larger
bending moment in the range of eight times the pile diameter above the slip surface. The largest
bending moment value is located at two times the pile diameter on the slip surface. On the other
hand, the bending moment of the embedded section of the steel pipe micro-pile is mostly positive,
showing a tension state with a maximum value at four times the pile diameter under the slip surface.
This implies that the role of loaded and embedded sections of the micro-pile group on the landsides
is different. The failure mode of the micro-pile group was mainly attributable to the bending failure
within eight times the pile diameter above and below the slip surface.
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1. Introduction

With the development of economic growth, much infrastructure is to be constructed
in the mountainous areas of China. Hence, high and steep landslides are commonly
encountered due to the construction in these areas. High and steep landslides often
cause great economic losses and human casualties, which require effective reinforcement
techniques to prevent landsides during construction. In general, the sites available for
construction near high and steep landslides are small, and the common retaining structures,
such as anti-slide piles, are not applicable. On the other hand, with the development of
micro-pile technology, this technique has become an effective method to install steel pipe
micro-piles at the top of high and steep landslides for reinforcement.

Steel pipe micro-piles are a kind of micro-pile; their pile diameters are generally less
than 30 cm. Steel pipe micro-piles are usually formed by a drilling rig, inserted into the
steel pipe, and then filled with concrete, which has the advantage of fast construction speed,
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little disturbance to the landslide, and strong site adaptability. Micro-piles are increasingly
used in landslide prevention projects [1-10] and have been studied by many scholars. For
example, through field tests, Awad [11] preliminarily studied the relationship between the
lateral load acting on a single micro-pile and the required pile length. Richards et al. [12]
investigated the lateral load-bearing performance of micro-piles. Konagai et al. [13] carried
out a detailed analysis on the performance of micro-pile groups with rigid caps under
lateral loading through model tests. Several model tests to illustrate anti-sliding perfor-
mance of steel pile groups were also proposed by many researchers [14-17]. Hence, the
micro-pile-slop movement reaction was well understood throughout the test results as
relating to the stress distribution and failure mechanisms of micro-pile groups [18-20].
Based on recent field test results, the use of micro-piles in landslide prevention has been
proven to be an acceptable method, and some real projects have also been conducted in
China [21,22]. However, these previous studies mainly focused on the micro-piles placed
on the front edge of the landslide, because the front edges of most landslides are relative
gentle. Meanwhile, in Western China, many high and steep landslides existed where
micro-piles may not be constructed on the front edge of these slopes due the limited space.
Hence, the new technique of implementing steel pipe micro-pile groups on the tops of
landslides is of great importance for high steep landside prevention, and is not yet fully
understood. Meanwhile, steel pipe micro-pile use steel pipes as reinforcement, which has
some differences from reinforcement forms such as steel reinforcement cages and steel ten-
dons in terms of mechanical properties. For engineering construction needs, it is necessary
to study the force-deformation characteristics of steel pipe micro-pile groups in high and
steep landslide reinforcement.

In this study, in order to further our understanding of the performance of the micro
steel pipe group on the prevention of high steep landslides, a large-scale physical model
test was conducted to test the interaction between steel pipe micro-pile groups and high
steep landslides. The landslide model is made of compressed loess, with an artificial sliding
surface. The landslides were triggered by step-loading at the top of the landslide. The
force, deformation law, and damage mode of steel pipe micro-pile groups in high steep
landslides are investigated in detail. The test results may provide a scientific basis for a
design method for slope disaster prevention.

2. Model Test Design
2.1. Test Model

The model used in this test is shown in Figure 1. Among them, Figure 1a shows
a three-dimensional view of the model, and Figure 1b shows a cross-sectional view of
the model, which mainly consists of a manually made landslide model and a micro-pile
model. The micro-piles are arranged in groups at the top of high and steep landslides.
Three rows of micro-piles with 0.2 m row spacing and 0.4 m middle pile spacing were laid
out (Figure 1c). During the test, the landslide was induced to slide by loading at the top
of the slope, and the force-deformation pattern of the micro-pile group was obtained by
various test elements.

2.2. Similarity Ratio

The similitude law used in this study was based on the Buckingham theorem (I1
theorem) [10], with a geometric similarity ratio of C; = 3 and an elastic modulus similarity
ratio of Cg = 3. Based on the principle of similarity theory, the similarity ratio of physical
quantities can be expressed as follows:

f(o,e,E,u, X, X,L,6) =0 1)

where o and ¢ represent the stress and strain of the pile body, E represents the elastic modu-
lus of the pile, u represents the poison ratio, X represents the volume force, L represents the
length of the pile, and L represents the deformation of the pile. If X and L are chosen as the
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basic physical quantities, the relationship of other physical quantities can be formulated
using the dimension of FL =3 and L, with the principle of all dimensions occurring at least

one time. 5
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Figure 1. Schematic diagram of the test model: (a) schematic diagram of the test model (unit: cm);
(b) sectional view of the model (unit: cm); (c) layout of micro-piles and pressure gauges (unit: cm).

In order to obtain a dimensionless 711, « and 8 should be equal to 1. Then, Equation (2)
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Using the similarity ratio submitted into Equations (3) and (4):

Cx Cs
; =1, —==1,C=1,C, =1
e q ¢ 1 ®)

CtT CE
=1 ; —
NN

With the initial value of Cp, = 3 and Cg = 3, Equation (5) can be solved as follows:
Cq = 5/ CP = 25/ CO' = 3/ CS = ]-/ CAC = 25I CAS = 25 (6)

where C; denotes the similarity ratio of the linear load on the pile body; Cp denotes the
similarity ratio of the concentrated force on the pile body; C denotes the similarity ratio of
the stress of the pile body; C, denotes the similarity ratio of the strain of the pile body; C4,
denotes the similarity ratio of the cross-sectional area of the pile body; and C4, denotes the
similarity ratio of the cross-sectional area of reinforcement.

2.3. Materials
2.3.1. Sliding Bed and Sliding Body
The landslide was filled by layers of loess. After layered filling, the sliding bed and

sliding body were compressed to a target density. The main physical and mechanical
parameters of the test model soil are shown in Table 1. The soil filling is shown in Figure 2.

Table 1. Soil material parameters of the model.

Bulk Density (g/cm®)  Water Content (%) Cohesion (kPa)  Internal Friction Angle (°)
1.84 13.52 26 28

(@) (b)
Figure 2. Filling of soil: (a) layered filling of sliding bed; (b) layered filling of sliding body.

2.3.2. Sliding Surface

After filling the sliding bed soil, the sliding surface was made according to the shape
of the designed sliding surface, and double-layer plastic films were placed on the sliding
surface to simulate the sliding zone. The sliding surface is shown in Figure 3.

2.3.3. Model Pile

In order to facilitate the burial of test instruments, the model piles used in this test
were aluminum tube gypsum precast piles. A 3 m-long aluminum tube (diameter 5 cm,
wall thickness 2 mm) was selected, and the tube was filled with gypsum, as shown in
Figure 4. It should be mentioned that the filling material was chosen as gypsum in order to
increase the bending resistance in the model test and to simulate the role of concrete in the
real project.
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(b)

Figure 3. Schematic diagram of sliding surface: (a) the sliding surface; (b) double-layer plastic films
were put on the sliding surface.

Figure 4. Micro steel piles used for the test.

2.4. Measurements
2.4.1. Pressure Measurements for the Micro Piles

The pressure gauges were embedded along the piles, in front of and behind them, in
order to monitor the distribution and variation of landslide thrust of the micro-piles, the
resistance from the sliding body behind the piles, and the resistance from the sliding bed.
The position and number of pressure gauges are shown in Figures 1c and 5.
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Figure 5. Distribution of the pressure gauges in a vertical direction along the pile: (a) the position and
number of pressure gauges along the pile no. 4 (unit: cm); (b) the position and number of pressure
gauges along the pile no. 3 (unit: cm); (c) the position and number of pressure gauges along the pile
no. 1 (unit: cm).

2.4.2. Strain Measurements of the Micro Piles

In order to test the bending moment of the micro-pile, strain gauges were pasted
in pairs before and after the piles [23-25]. The spacing of the strain gauges is shown in
Figure 6. After measuring the strains of different parts of the micro-pile, the bending
moments can be obtained by Formula (7):
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Figure 6. The layout of strain measurement points on the piles (unit: cm).

In the formula, M represents the bending moment, N-m, EI represents the flexural
rigidity of the micro-pile, N-m?; ¢ ;, e represent the tensile and compressive strains of each
measuring point, respectively; and h represents the distance of the tensile and compressive
strain gauges at the same section, m.
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2.4.3. Displacement Measurements

The displacement gauges were placed on the top of the piles as well as at the top of the
slope and at the slope surface, aiming to measure the displacement of the piles and slope
deformation. The position and number of displacement gauges are shown in Figure 7.
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Figure 7. The layout of displacement gauges: (a) plan view of the displacement gauge arrangement
(unit: cm); (b) sectional view of the displacement gauge arrangement (unit: cm).

2.5. Excavation and Loading Design

After completion of the filling, the excess soil was excavated to form the designed
model shape. The landslide model was excavated five times, each with an excavation
depth of 40 cm (Figure 1). After the slope was implemented, layers of sandbags used as the
multi-stage loading were placed on the top of the landslide model. Each loading increment
was set as 1 kPa. Data measurements were taken after each excavation or loading, and after
the measurements were completed, the next level of excavation or loading was performed.

3. Results and Discussion
3.1. Failure Modes of Micropiles

The deformation of the landslide model is shown in Figure 8. After excavation of
the shear outlet, the model underwent a large degree of deformation. Figure 8a shows
the settlement of the slope top after excavation of the shear outlet. It can be seen that a
certain degree of settlement deformation occurred at the top of the slope, especially near
the location of the slip surface (trailing edge), and a significant misalignment between the
slide body and the original ground was produced. In addition, cracks were produced in
the slope near the top of each micro steel pile, as shown in Figure 8a,b. The cracks spread
roughly along the lateral direction (perpendicular to the sliding direction) but were not
fully penetrated. The generation of cracks in the vicinity of the micro-pile indicated that
a certain degree of deformation of the micro-pile had occurred by that time. This is due
to the deformation of the micro-pile body above the slip surface in the sliding direction,
which squeezes the soil behind the pile and creates cracks between the soil both behind
the pile and in front of the pile. Since the width of the crack was not large and not fully
penetrated by that time, the deformation of the slide body mainly occurred along with the
overall sliding of the slip surface. In this process, the micro-pile body within a certain area
near the top of the pile is deformed together with the slide body. After loading to the end
of the test (Figure 8c), the crack width of the slope near the top of the pile increased, but
was not completely penetrated in the lateral direction, further illustrating the results of the
above analysis.
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N r}
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Figure 8. Deformation and damage of landslide: (a) settlement of slope top before loading; (b) crack
in pile position before loading; (c) crack in pile position at the end of loading.

Figure 9 shows the excavation profile at the end of the test. It can be seen that in the
case of the preset slip surface, the slide body slides completely along the slip surface. The
micro steel pile was deformed significantly under the action of the sliding body. The micro
steel pile was deformed near the slip surface, nearly in an “S” shape. The damage to the
micro-pile existed 40 cm above and below the slip surface (eight times the pile diameter),
while the pile below the slip surface was deformed to the back slide side, indicating that
the pile was under tension on the slide side. The deformation of the pile above the slip
surface underwent reverse bending due to the force resistance of the slide body behind the
pile, which reflects the compression effect of the soil body on the back slide side. Due to the
relative deformation of the pile and the soil near the slip surface, a part of the debonded
area was created near the slip surface. However, because of the good plasticity of the soil
due to the moisture content of the test soil, the debonding area did not extend far in the
lateral direction, and its effect can be neglected.

3.2. Force Condition of Micropiles

Figures 10-12 show the variation curves of the earth pressure at the measurement
points before and behind pile 4 (first row), pile 3 (second row), and pile 1 (third row),
respectively. The pile section above the slipping surface was regarded as the anti-sliding
segment of the pile. The pile section under the slipping surface was regarded as the
anchoring section of the pile.
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Figure 11. Earth pressure of pile no. 3: (a) curves of earth pressure before the anti-sliding segment
of pile no. 3; (b) curves of earth pressure behind the anti-sliding segment of pile no. 3; (c) curves of
earth pressure before the anchoring segment of pile no. 3; (d) curves of earth pressure behind the
anchoring segment of pile no. 3.

The variation pattern of earth pressure before the anti-sliding segment of piles is
shown in Figures 10a, 11a, and 12a. The earth pressure at the first measurement point upon
the sliding surface (B-4-5, B-3-5, and B-1-5) was larger and varied most significantly during
the test. The earth pressure at the point of the three rows of piles all increased rapidly at the
same time after excavation of the shear outlet, indicating that the three rows of piles were
stressed simultaneously. From after loading until the end of the test, the earth pressure at
these points maintained a pattern of continuous increase. The earth pressure at the second
measurement point upon the sliding surface (B-4-4, B-3-4, and B-1-4) was also relatively
high. After excavation of the shear outlet, the earth pressure at these measurement points
increased to different degrees with increasing loading. It is worth noting that the magnitude
of the earth pressure and its variation at the second measurement point was less than that
at the first measurement point. The earth pressure at the measured points in the rest of the
anti-sliding section (upper part of the anti-sliding section) was relatively low, and did not
vary to a great extent during the test.

After excavation of the shear outlet, the original supporting soil at the leading edge
of the landslide was removed, and the slope slid along the predetermined sliding surface.
As the sliding body acted on the micro-pile, it led to increasing earth pressure at the
measurement point in front of the pile, in the loaded section. From the change of earth
pressure in front of the three piles, it can be seen that the rows of piles were subjected to
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the action of landslide thrust at the same time when the slope was deformed. It can also be
inferred that most of the anti-sliding section of piles deformed together with the sliding
body, and that the degree of mutual extrusion was weak, resulting in less earth pressure in
the area. Near the sliding surface, the deformation of the pile body and the soil in front
of the pile was relatively large, which caused the stress concentration zone formed by the
extrusion in this area.
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Figure 12. Earth pressure of pile no. 1: (a) curves of earth pressure before the anti-sliding segment
of pile no. 1; (b) curves of earth pressure behind the anti-sliding segment of pile no. 1; (c) curves of
earth pressure before the anchoring segment of pile no. 1; (d) curves of earth pressure behind the
anchoring segment of pile no. 1.

The variation pattern of earth pressure behind the anti-sliding section of the piles is
shown in Figures 10b, 11b and 12b. Among these measurement points, the earth pressure
at the second measurement point (A-*-2) under the top of the slope was the largest, and
also varied the most during the test. After excavation of the shear outlet, the earth pressure
at these measurement points (A-*-2) began to increase significantly. After that, with the
increase in loading at the top of the slope, the earth pressure showed a pattern of earth
pressure first increasing, and then gradually stabilizing after each loading. The earth
pressure at the measurement point (A-*-1) located near the top of the pile was also relatively
high, and the earth pressure increased to a certain extent after excavation of the shear outlet.
After that, the earth pressure gradually increased with the increase in loading, especially
after loading to 4 kPa. The earth pressure at the measurement points in the rest of the
anti-sliding section (the lower part of the anti-sliding section) were relatively low, and did
not vary to a great extent during the test. With the deformation of the slope, the anti-sliding



Appl. Sci. 2022,12,10017

12 0f 18

section deformed under the action of landslide thrust. The pile body in the upper part of
the anti-sliding section compresses the soil behind the pile, increasing its earth pressure.
The pile body in the lower part of the anti-sliding section detached from the soil behind the
pile to varying degrees, resulting in lower earth pressure.

The variation in earth pressure in front of the anchoring section of the piles is shown
in Figures 10c, 11c, and 12c. It can be found that the earth pressure in front of the anchoring
section of each row of piles had a low value in general. Overall, the area of relatively high
earth pressure was located in the lower half of the anchoring section. The earth pressure
at the measurement points located within the upper half of the anchoring section was
either relatively low or zero. After excavation of the shear outlet, significant deformation
of earth pressure occurred in different areas. During the loading process thereafter, the
earth pressure did not change much. Due to the deformation of the micro-pile by the
force, the pile body within the upper half of the anchoring section had different degrees
of detachment from the soil of the sliding bed in front of the pile, resulting in lower earth
pressure in this area. At the same time, due to the elasticity of the micro-pile itself, the pile
body located in the lower half of the anchoring section squeezed the sliding bed soil in
front of the pile, resulting in a relatively high earth pressure in this area.

The variation of earth pressure behind the anchoring section of the piles is shown in
Figures 10d, 11d, and 12d. Overall, the earth pressure at the first measurement point under
the sliding surface was larger, and varied considerably during the test. The earth pressure
at these points increased sharply after excavation of the shear outlet, indicating that a large
degree of deformation of the micro-pile occurred at this time. The earth pressure of the
three rows of piles increased at the same time, which further indicated the simultaneous
force deformation of each row of piles. The earth pressure at the remaining measurement
points behind the anchoring section of each row of piles was relatively low and remained
unchanged during the test, indicating that the sliding bed resistance behind the piles was
mainly provided by the sliding bed soil in a very small area under the sliding surface.

Figures 13-15 show the force distribution of each row of micro-piles. In the early stages
of the test, the earth pressure in front of the pile in the anti-sliding section (landslide thrust)
was triangularly distributed. The earth pressure was low near the top of the pile, gradually
increased downward, and was at its maximum near the slip surface. After excavation of
the shear outlet and loading, the earth pressure in the lower part of the anti-sliding section
increased significantly. The earth pressure at this time was mainly distributed in the lower
half of the anti-sliding section, with a triangular distribution. The earth pressure behind
the pile in the anti-sliding section (sliding body resistance) was rectangular in distribution
at the beginning of the test. After excavation of the shear outlet and loading, the earth
pressure in the upper part of the anti-sliding section increased and the earth pressure in
the lower part decreased. Once this had occurred, the earth pressure was distributed in an
inverted triangle.

The earth pressure in front of the pile in the anchoring section (resistance of the sliding
bed in front of the pile) was triangularly distributed in the early stages of the test. After
excavation of the shear outlet and loading, the earth pressure changed mainly in the lower
half of the anchoring section, with a slight increase. At this time, the distribution form of
the resistance of the sliding bed in front of the pile could still be considered triangular. The
distribution form of the earth pressure behind the pile in the anchoring section (resistance
of the sliding bed behind the pile) was an inverted trapezoid at the beginning of the test.
After excavation of the shear outlet and loading, the earth pressure in the upper part of the
anchoring section increased. At this time, the earth pressure behind the pile was mainly
distributed in the range of 0.5 m below the slip surface, and the distribution form was an
inverted triangle.
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Figure 13. Earth pressure distribution curve of pile no. 4: (a) earth pressure distribution curve in
front of the pile; (b) earth pressure distribution curve behind the pile.
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Figure 14. Earth pressure distribution curve of pile no. 3: (a) earth pressure distribution curve in
front of the pile; (b) earth pressure distribution curve behind the pile.
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Figure 15. Earth pressure distribution curve of pile no. 1: (a) earth pressure distribution curve in
front the pile; (b) earth pressure distribution curve behind the pile.
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3.3. Variation of Displacement at Measurement Points

Figure 16 shows the horizontal displacement variation curve of the top of each pile,
where piles 4 and 5 are located in the first row, piles 2, 3, and 6 in the second row, and
piles 1 and 7 in the third row. The curves in the figure show that the displacements of
the seven piles have the same variation pattern. After excavation of the shear outlet, the
horizontal displacement of the top of each pile increased sharply, with a variation of about
8 mm. Thereafter, with the increase in loading, the horizontal displacement gradually
grew, reflecting the regular pattern of rapid increase after loading and then, gradually,
stabilization. However, at the same time, there were some differences in the horizontal
displacement of each pile. It could be found that the piles exhibit the rule that the horizontal
displacement of the first row of piles was the largest, and the displacement of the tops of the
remaining two rows of piles decreased sequentially along the sliding direction. It showed
that the deformation of each row of micro-piles in the group decreased sequentially along
the sliding direction when there was no coupling beam on the top of piles. In this test, the
largest horizontal displacement of the pile top was the no. 5 pile located in the first row, and
the maximum displacement was about 30 mm. The smallest horizontal displacement of the
pile top was the no. 1 pile located in the third row, and the final horizontal displacement
was about 23 mm.

30 q
—a— W] load 9 kPa\
—e— W2
25 | w3 load 7 kPa
—v— W4
20 — W5 load 5 kPa
g W6 load 3 kP
é w7 oa a
= 154
g ° load 1 kPa ;
o { toe cutting o
] i
7 11 1
&) 3
5 -
0- !
I 1 I I 1 1 I 1 I I 1 1

Time(d)
Figure 16. Horizontal displacement curve at the top of the piles.

Figure 17 shows the vertical displacement variation curve at the top of the slope. After
excavation of the shear outlet, the vertical displacement of each measurement point at
the top of the slope changed significantly. The displacement of measurement point W13,
closest to the slip surface, was the largest (30 mm). After loading, the vertical displacement
of each measurement point continued to increase. There were differences in the vertical
displacement of the slope top at different locations, among which the vertical displacement
near the slip surface was larger, and the vertical displacement of the measurement points
arranged within the reinforcement of the micro-pile group (W9, W10) was smaller.

Figure 18a shows the horizontal displacement variation curves of different height
measurement points on the slope surface, and Figure 18b shows the horizontal displacement
distribution curve of the slope surface. It can be seen that the horizontal displacement
of the measurement point near the top of the slope was the smallest, and the horizontal
displacement of the measurement point nearer to the bottom was larger. The horizontal
displacement distribution curves shown in Figure 18b were all straight lines, indicating
that the landslide deformed as a whole, and no local damage occurred on the slope.
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Figure 17. Vertical displacement variation curve of the top of the slope.
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Figure 18. Horizontal displacement curves of the slope surface: (a) horizontal displacement variation
curve of the slope surface; (b) horizontal displacement distribution curve of the slope surface.

3.4. Bending Moment of Pile Body

Figure 19 shows the bending moment distribution of pile 4, pile 3, and pile 1. The
bending moment of each row of piles had a good level of consistency. Under the premise
that the bending moment is positive in the case of tension on the slip side, the bending
moment of the anti-sliding section of the micro steel pile is mostly negative, i.e., the back
slip side of the micro-pile is in a state of tension. From Figure 19, it can be found that the
larger bending moment values were mainly in the range of 0.4 m above the sliding surface
(eight times the pile diameter), and the largest bending moment value was located 0.1 m
above the sliding surface (two times the pile diameter). After excavation of the shear outlet,
the bending moment of the pile changed significantly, indicating that a large deformation
of the pile occurred at this time. The bending moment of the pile in the anchoring section
was positive, indicating that the slip side of the anchoring section was in a state of tension.
The larger bending moment value in the anchoring section was located 0.3 m below the
sliding surface (six times the pile diameter), and the largest bending moment value was
located at 0.2 m below the sliding surface (four times the pile diameter).
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Figure 19. Bending moment of micro-piles: (a) bending moment of pile no. 4; (b) bending moment of

pile no. 3; (c) bending moment of pile no. 1.
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4. Conclusions

A large-scale model test was performed in order to simulate the effect of micro steel pile
groups on high steep landslides. The force and deformation characteristics of micro steel
pile groups set at the top of high steep landslide were investigated. The main conclusions
can be drawn as follows:

(1)  When the high steep landslide was generated, the deformation of the micro steel piles
in different rows were consistent, showing good performance of the model test. The
earth pressure was largely varied according to the relative position to the slip surface,
due to the fact that the portion of the pile above the slip surface acted as an anchor.

(2) The landslide thrusts on micro steel piles showed a triangular distribution concen-
trated in the lower half of the loaded section. The distribution of the slip resistance
behind the pile was generally an inverted triangle, which was mainly located in the
upper half of the loaded section. The main sliding resistance was observed in the local
area behind the pile, below the slip surface.

(3) There was a difference in horizontal displacement of the top of the piles in the micro
steel pile group, due to the group’s gradually increasing resistance. The horizontal
displacement at the top of the first row of piles on the sliding side was the largest, and
the horizontal displacement of each row of piles along the sliding direction decreased
in turn.

(4) The bending moment of the micro steel pile in the loaded section was mostly negative.
The larger bending moment values were mainly in the range of eight times the pile
diameter above the slip surface, with a maximum value of two times the pile diameter
on the slip surface. The bending moment of the micro steel pile in the embedded
section was mostly positive, indicating that the micro-pile was in a state of tension.
The tension portion was concentrated in the area of six times the pile diameter under
the slip surface, with a maximum value of four times the pile diameter under the
slip surface.

(5) The failure mode of the micro steel pile was mainly due to the bending damage occur-
ring near the slip surface, and the failure mode of each row of piles was essentially
the same. Hence, the reinforcement of the pile near the shear surface, in the vicinity of
eight times the micro steel pile diameter around the slide surface, is recommended in
order to increase the resistance of pile groups in the real-life project.
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