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Abstract: Reinforcement soil slope with pile penetration is a new load bearing structure, which has a
complex working mechanism, but few studies have been carried out. This paper aims to investigate
the stability characteristics of this structure using model tests. The study investigates the lateral
displacement and-pile bending moment caused by vertical loads and evaluates the influence of
different factors, including the structure type (such as pile, cap of pile, and reinforcement material),
number of reinforcing layers, spacing of reinforcement material, pile length, and slope rate on the
load-carrying capacity of the pile penetration fill-reinforced load-bearing structure. The findings
suggest that within a certain range, increasing the pile length and number of reinforcing layers, the
limiting effect of the pile on the lateral displacement in the middle and at the bottom of the slope of the
pile-penetrating reinforced structure is enhanced, which can reduce the extreme value of the bending
moment and make the distribution of the bending moment of the pile more reasonable. The lateral
limiting effect on the soil body can be maximized by appropriate reinforcement spacing. Within a
certain range, the slope rate is reduced, which can reduce the extreme value of the bending moment,
make the bending moment distribution of the pile more reasonable, and avoid the phenomenon of
the localized force concentration of the pile.

Keywords: pile penetration structure; vertical load; model test; stability

1. Introduction

In various geotechnical engineering projects, piles are often employed to withstand
lateral loads. These piles can be classified into two types in practical application: active
piles and passive piles. Active piles primarily bear the top load to support upper structures,
such as bridges [1–6]. In contrast, passive piles endure the primary load along their length
due to soil pressure [7–9]. The use of piles to stabilize slopes falls under the category of
passive piles. Given the complexity of passive piles, analyzing and designing passive piles
on slopes is a challenging task. Zomorodian et al. (2011) [10] conducted model tests to
investigate the factors affecting slope stability, including the position of pile foundations,
geological characteristics, slope angle, depth of embedded piles, and pile structure methods.
The aim of their research was to prevent disasters, such as landslides and collapses, and
to ensure the stability of sloping pile foundations. Pierson et al. (2009) [11] verified the
feasibility of using a pile foundation in reinforced backfill to improve the horizontal bearing
performance of the structure through experiments. Sawwaf et al. (2006) [12] investigated
the horizontal load-bearing capacity of piles near geogrid-reinforced slopes. Their study
showed that reinforcing the soil slope can improve the horizontal load-bearing capacity of
internal piles. The proximity of the piles to the slope also affects the extent to which the
load capacity is increased. Therefore, in order to clear the effect of soil reinforcement on
slope stability, researchers have conducted indoor modeling tests on the bearing capacity
of the bar foundation on sandy reinforced soil slopes. These tests have considered various
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factors, such as different boundary conditions, geotechnical reinforcement lengths, the
number of layers of reinforcement, and the vertical spacing of reinforcement [13]. It has
been shown that reducing the spacing between reinforcing layers can enhance the slope-
bearing capacity. Additionally, the location of the peak strain on the slope will vary with the
changes in the applied load [14]. Choudhary et al. (2010) [15] conducted indoor model tests
to investigate the characteristics of fly ash geogrid slopes under top-loading conditions. The
study revealed that geogrids can improve the load-settlement performance and enhance the
maximum bearing capacity of slopes. Moreover, the analysis of the percolation performance
in reinforced slopes demonstrated that geotextiles effectively enhance the stability of low-
permeability slopes. Additionally, it was found that the reinforcement material layer placed
in the lower half of the slope significantly dissipates pore water pressure [16]. Some scholars
have also utilized centrifuge model tests to analyze the stability of geotextile-reinforced
slopes. Gil et al. (2013) [17] conducted a study combining finite element analysis with
model tests to investigate the effect of fly ash as roadbed material on reinforced slopes. The
results showed that increasing the number of reinforcement layers within a certain range
improves the slope-bearing capacity.

However, existing studies have not yet conducted an in-depth study on the force
characteristics of slope piles under geogrid reinforcement conditions for such a complex
condition, where the mechanism of action between the various components of the structure
is complicated. The structure method of the reinforced fill structure with pile penetration
proposed in this study is a novel technique. It can more comprehensively show the influence
of the combined action of various factors. The structure comprises reinforced soil, slopes,
and piles, and there are various factors that influence the structural stability under loads.
Therefore, the model tests under 17 different conditions to investigate the bearing and
reinforcement characteristics of the structures were conducted in this study.

2. Experimental Materials
2.1. Sand Sample

To simulate the soil more accurately, sand used for this experiment was obtained from
river sand in Wuhan, Hubei Province, China. Prior to usage, the river sand was dried in
an oven to minimize the impact of moisture on the experimental results. The temperature
in the oven was kept at 45 degrees Celsius. Following the principles of similarity theory,
geotechnical tests were performed on the river sand. Table 1 presents the physical properties
of the sand, while Figure 1 depicts its particle size distribution curve.
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Figure 1. Gradation of sand particles.
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Table 1. Indicators of physical properties of sandy soils (Tolerance within 5%).

γ/(kg/m3) GS e ω/% Cu Cc φ/(◦)

16.81 2.67 0.51 0.18 3 0.75 30

2.2. Reinforcement Material

The selection of geogrid similar materials needs to meet the conditions of mechanical
similarity and geometric similarity at the same time. Therefore, plain knitted cotton fabric
was used as reinforcement in the test, and the thickness was about 0.2 mm. According to
the literature [18,19], the material properties of plain knitted cotton fabric were studied.
The material parameters of plain knitted cotton fabric are shown in Table 2.

Table 2. Material parameters of cotton ribbed material [18].

ρ/(kg/m−3) σy/MPa E/MPa Et/MPa Poisson Ratio ν

900 31.24 254 0 0.3

2.3. Piles

(1) Pile

Currently, commonly used materials for model test piles include wood [20,21], organic
glass [18,22], three-type polypropylene pipe (PPR pipe) [23], PVC pipe [24], and others.
Previous studies [25] have indicated that PVC pipe is a favorable choice for model test pile
materials due to its high strength, ease of processing, and other advantages. Considering
the specific characteristics of this experiment, PVC pipe was selected as the material for
the model test pile. The material parameters for the pile are detailed in Table 3, based on
research on PVC pipe material properties [24].

Table 3. Pile material parameters [24].

Pile
Materials

Pile Length
L/cm

External
Diameter D/m

Inside Diameter
D/m

Wall Thickness
T/m

Modulus of Elasticity
E/GPa

Poisson
Ratio ν

PVC 60 0.05 0.046 0.002 3.7527 0.39

PVC 50 0.05 0.046 0.002 3.7527 0.39

PVC 55 0.05 0.046 0.002 3.7527 0.39

PVC 65 0.05 0.046 0.002 3.7527 0.39

To simulate the frictional resistance on the surface of the original pile, the model pile
surface is coated with a mixture of poly-amide resin and epoxy resin, onto which sieved
medium-coarse sand was applied. Make the sand stick to the surface of the PVC pipe to
simulate the pile roughness.

(2) Bottom of pile

A 10 mm-thick plexiglass of the same size as the outside diameter of the pile was used
at the bottom of the model pile and sealed with transparent tape to avoid soil ingress into
the model pile.

(3) Cap of pile

The test was conducted by using a Plexiglas sheet to simulate the cap of pile with the
size of 0.2 m × 0.2 m × 0.01 m, which was connected to the pile by 502 adhesive to form a
pipe pile with a cap of pile.

To account for boundary effects, a minimum distance of 400 mm was maintained
between the model piles and the boundaries of the model box. This distance exceeds the
requirement of 3D = 3 × 63 = 189 mm [26,27]. Therefore, the size effect caused by the model
box can be considered negligible.
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2.4. Backfilling Requirements

Manual tamping was carried out using the layered fill method, and the fill control
indicators measured through tamping and percussion tests are shown in Table 4.

Table 4. Control index for fill placement.

Relaxation
Factor

Loose Lay
Thickness/cm

Compacted
Thickness/cm

Number of
Compaction Passes Compaction/%

1.4 14 10 8 ≥91

3. Experimental Apparatus
3.1. Experimental Model Box

The experiment was carried out in a model box of 2000 mm in length, 800 mm in
width, and 760 mm in height. On the front of the model box, 20 mm-thick toughened
glass was used to facilitate the observation of model deformation. Marking lines on glass
panels was used to facilitate the observation of slope deformation on embankment slopes.
Lubricant was used on the sidewalls during the model-making process to decrease friction
between the soil and walls, thus reducing boundary effects. For more details, please refer
to Figure 2.
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3.2. Loading Plate

To ensure uniform loading, a steel plate with a dimension of 760 mm × 440 mm × 15 mm
(length × width × height) was selected as the loading plate. It was placed directly be-
neath the vertical actuator. Additionally, two square wooden blocks with a dimension of
380 mm × 160 mm × 120 mm (length × width × height) were placed on the loading plate
to simulate sleepers.

3.3. Loading Device

The loading device used in this study is a frame testing machine developed by the
Huaxi Institute of Geotechnical Instruments at Sichuan University. As shown in Figure 3
this device ensures that a constant vertical load is applied during the vertical settlement
process of the model. It is fixed at the upper end of the overhead reaction frame, which
consists of crossbeams and columns.
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3.4. Measurement Components and Layout of Measuring Points

The main measuring elements required for the test include micro strain gauges, a
miniature earth pressure box, and digital percent gauges, and the acquisition equipment is
the TST3826E Static Strain Test Analyzer (Jiangsu Test Electronic Equipment Manufacturing
Co. CHINA, Jingjiang, China). The miniature earth pressure box (M1–M12) is spread flat
in the soil layer, and the strain gauge (1–10) sticks to the surface of the pile. The specific
parameters for the testing components can be found in Table 5, and the reinforcements are
spaced 200 mm apart. The layout of these components is illustrated in Figure 4.
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Table 5. Test element parameters.

Name Model Range Precision

Miniature earth pressure box (M1–M12) XB-151 6 MPa 0.001 MPa
Taiwan EEE digital percent gauges BFQ-350A 0–50 0.01 mm

strain gauge (1–10) BX120-1AA 20,000 µε 1 µε

4. Test Program
4.1. Test Conditions

To investigate the impact of different structural types (pile, cap of pile, reinforcement),
various pile diameters, different numbers of reinforcement layers, varying stiffnesses of
reinforcements, different pile lengths, and different reinforcement spacings on the load-
bearing characteristics and reinforcement effects of structures, indoor model experiments
were conducted under planar strain conditions. Only single piles were considered for the
test. The test conditions are shown in Table 6.

Table 6. Reinforced fill structure with pile penetration model test conditions.

Working
Condition

Number of
Reinforcement Layers n

Reinforcement
Spacing/cm Pile Length/cm Cap of

Pile
Slope
Rate Reinforcing Material

1 none none none none 0.4 none
2 3 20 none none 0.4 Flat grain cotton cloth
3 none none 60 have 0.4 none
4 3 20 60 none 0.4 Flat grain cotton cloth
5 3 20 60 have 0.4 Flat grain cotton cloth
6 2 20 60 have 0.4 Flat grain cotton cloth
7 1 20 60 have 0.4 Flat grain cotton cloth
8 3 20 60 have 0.2 Flat grain cotton cloth
9 3 20 60 have 0.6 Flat grain cotton cloth

10 3 20 60 have 0.4 Geogrid
11 3 20 60 have 0.4 Geotechnical Cloth
12 3 20 50 have 0.4 Flat grain cotton cloth
13 3 20 55 have 0.4 Flat grain cotton cloth
14 3 20 65 have 0.4 Flat grain cotton cloth
15 2 10 60 have 0.4 Flat grain cotton cloth
16 2 30 60 have 0.4 Flat grain cotton cloth
17 2 40 60 have 0.4 Flat grain cotton cloth

4.2. Loading Method

Prior to loading, all equipment readings were checked for correctness, and the digital
percentile reading was zeroed. When loading, the static strain collector and the digital
display meter synchronously collect the corresponding data. After each level of vertical
loading is completed, observe the corresponding vertical load value, displacement value,
and strain value through the data acquisition system of the loading device and the digital
percentile meter, when the reading is stable, read and record the data manually at the
same time (in order to facilitate the analysis and processing of the test data in the later
stage), and then carry out the next level of loading, repeat the above steps, step by step,
and incrementally increase the vertical load applied until the test loading termination
conditions are reached.

After each group of tests reaches the loading termination condition, the test ends
immediately. After saving the test data in the data-acquisition system, the measuring
equipment was turned off, the external equipment was removed, and the sand, soil pressure
box, reinforcement material and model piles were excavated layer by layer and observed
for damage.

During loading, data collection was synchronized between the static strain acquisition
device and the digital displacement gauge. After each level of vertical load was completed,
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the corresponding values of the vertical load, displacement, and strain were observed using
the data-acquisition system of the loading device and the digital displacement gauge.

5. Analysis of Results
5.1. Lateral Displacement Analysis

The slope surface was equipped with four digital percentile gauges to measure the
lateral displacement at different points. These points include apex A, midpoints B and C,
and bottom point D. Measurements were taken at each loading level.

5.1.1. Impact of Different Structure Types

The vertical load–lateral displacement curves for different structural types are shown
in Figure 5. The corresponding lateral displacements for different structural types at the
ultimate load of 17.5 kN for the pure sand structure are detailed in Table 7.
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Table 7. Lateral displacements for different structural types (at a vertical load of 17.5 kN).

Condition Structure Type
Vertical Load Is the Horizontal Displacement Corresponding to 17.5 kN/mm

Slope Bottom D
Station

In the Slope C
Station

In the Slope B
Station

Top of Slope A
Station

1 Sand 5.92 8.34 8.93 3.94
2 Flat grain cotton cloth 2.46 9.32 10.21 1.30
3 Pile 1.92 4.48 5.66 2.49

4 Both plain cotton cloth and pile
(no cap of pile) 0.85 2.57 3.24 1.12

5 Both plain cotton cloth and pile
(cap of pile) 0.70 2.46 3.27 2.20
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Based on the findings presented in Figure 5, it is evident that the lateral displacement
variations at various measuring points on the slope surface (Point A at the slope top, Point
B at the slope middle, Point C at the slope center, and Point D at the slope bottom) follow
a consistent trend across the five conditions: condition 1 > condition 3 > condition 2 >
condition 4 > condition 5. The trend of lateral displacement remains the same, slope center >
bottom of slope > top of slope. With the increase in the vertical load, the lateral displacement
of the slope surface for each condition increases, the increase of the lateral displacement
of the measuring point in the slope increases, the trend of the lateral displacement of
the measuring points on the slope surface is more obvious, and the maximum lateral
displacement corresponding to the limit load of the five conditions are all at the middle of
the slope.

At the ultimate load of 17.5 kN for the pure sand structure, the lateral displacements of
the measured points at the top of the slope A, the measured point in the middle of the slope
B, the measured point in the middle of the slope C, and the measured point at the bottom
of the slope D are 3.94 mm, 8.93 mm, 8.34 mm, and 5.92 mm, respectively. The lateral
displacements at point A at the top of the slope were reduced by 67%, 37%, 72%, and 44%,
respectively; at point B in the middle of the slope by −14%, 37%, 64%, and 63%, respectively;
at point B in the middle of the slope by −12%, 46%, 69%, and 71%, respectively; and at
point D at the bottom of the slope by 58%, 68%, 86%, and 88%, respectively. A comparative
analysis shows that, under the action of the vertical load, the slope surface of condition 1
gradually produces the deflection outward, “the lateral deformation at the top and bottom
of the slope is small, and the lateral deformation in the middle of the slope is large”. Due to
the friction between the horizontal reinforcement and sand, the lateral deformation of the
soil body has a limiting effect, with the increase in load, the friction between the horizontal
reinforcement and sand gradually increases, thus improving the structural capacity and
overall stability, but due to the middle of the structure between the reinforcement and sand,
friction is obviously less than the upper load, so the middle of the slope in condition 2 (with
reinforcement without pile) is a larger deflection produced by the “bulging phenomenon”.
In the condition 3 structure, the vertical stresses borne by the soil are smaller due to the
compression of the piles and the exertion of the pile lateral frictional resistance, resulting
in a smaller amplitude of deflection and overall lateral displacement of the slope. For
condition 4 and condition 5, due to the anchoring effect of the pile on the horizontal
reinforcement material, the deflection and overall lateral displacement amplitude of the
slope surface are even smaller, showing the reinforcing effect of the synergistic effect of the
vertical pile and the horizontal reinforcement material, which verifies the superiority of
the reinforcing performance of the pile penetration reinforcement structure proposed in
this paper. Due to the existence of pile cap, the pile cap can better adjust the load-transfer
mode, so that the pile compression is more uniform, the pile side friction resistance and
pile end resistance bear the load more reasonably, and the deflection of the slope surface in
condition 5 is smaller than that in condition 4.

5.1.2. Effect of Different Reinforcement Layers

The vertical load–lateral displacement curves for the structure with varying numbers
of reinforcement layers are presented in Figure 6. For Scenario 3, at the ultimate load of
35.0 kN, the corresponding lateral displacements for Scenarios 3, 7, 6, and 5 can be found
in Table 8.

Based on the results in Figure 6a, it is clear that the lateral displacement of the pile
penetrating the top of the reinforced structure increases with the increase in load in the
initial loading stage.

From Figure 6b,c, it can be observed that the lateral displacement at the mid-point B,
mid-point C, and bottom D of the structure increases with an increasing load. Additionally,
the variation pattern across different conditions remains similar at these measurement
points. In the initial and middle loading stages, the order of increase in lateral displacement
is as follows: 1 layer of reinforcement > unreinforced > 3 layers of reinforcement > 2 layers
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of reinforcement. However, in the later loading stage, the sequence of increased lateral
displacement changes to the following: 1 layer of reinforcement > unreinforced > 2 layers
of reinforcement > 3 layers of reinforcement. It is clear that increasing the number of
reinforcement layers has a more pronounced effect in limiting lateral displacement in the
later loading stages.
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Table 8. Lateral displacement of different reinforced layer piles (Vertical load: 35.0 kN).

Condition
The Number of

Reinforcement Layer n

Vertical Load Is the Horizontal Displacement Corresponding to 35.0 kN/mm

Slope Bottom D
Station

In the Slope C
Station

In the Slope B
Station

Top of Slope A
Station

3 0 7.18 12.98 16.25 2.49
7 1 21.98 45.21 48.73 0.01
6 2 3.81 8.42 9.77 4.08
5 3 2.34 6.58 7.87 5.63

As shown in Table 7, the results show that an appropriate increase in the number of
layers of reinforcement laying can help to improve the overall stability, but the increase
in the number of layers of reinforcement does not lead to a linear increase in the effect
of reinforcement. It can be seen that, from the economic consideration, increasing the
number of reinforcement layers will increase the structure cost of the project, so in the
practical application, the needs of all parties should be taken into account, and then, the
best reinforcement program should be formulated.

A comparison analysis between Figure 6 and Table 7 indicates that the addition of
one layer of reinforcement at the bottom of the structure did not result in any significant
restriction on the lateral displacement. However, the capacity to restrict lateral deformation
significantly increased when two or three layers of reinforcement were added, compared to
having no reinforcement.

5.1.3. Effects of Different Reinforcement Spacings

The term “reinforcement spacing” in this study refers to the distance between the
second layer of reinforcement and the first layer, assuming that two layers of reinforcement
are used, with the first layer fixed at the bottom of the structure. Figure 7 depicts the rela-
tionship curve between vertical load and lateral displacement for different reinforcement
spacings in pile-supported reinforced structures. Table 9 provides the corresponding lateral
displacements for various reinforcement spacings in structures under a vertical load of
32.5 kN.

From the observation in Figure 7a, it can be seen that in the early stage of loading, with
the increase in load, the change rule of the incremental magnitude of lateral displacement
at the top of the slope of the structure is basically the same, into the middle stage of loading,
the incremental amount of lateral displacement at the top of the working condition 6 is
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significantly increased, and the trend of the top lateral displacement tends to be stabilized
after the loading is continued.

According to the results shown in Figure 7b, it can be seen that, when the vertical load
is less than or equal to 32.5 kN, with the increase in the load, the change rule of the increase
in the amount of lateral displacement of the B measurement point in the structure is similar
under different working conditions.

From Figure 7c,d, it is evident that during the initial stages of loading, as the load
increases, the lateral displacement increments at the C measurement point in the slope and
the D measurement point at the bottom of the slope of this structure change in a nearly
identical trend. A comprehensive analysis of Figure 7 and Table 9 shows that when the
spacing between the 2nd layer of reinforcement and the 1st layer of reinforcement is 20 cm,
the soil body is constrained by the larger reinforcement, and both the reinforcement and
the soil body on the pro-slope face are damaged, but the misalignment is not obvious. This
shows that a suitable spacing of reinforcement exists so that the lateral limiting effect of
reinforcement on the soil can be maximized [13].
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Table 9. Lateral displacement with different reinforcement spacings (vertical load: 32.5 kN).

Condition Reinforcement Spacing/cm
Vertical Load Is the Horizontal Displacement Corresponding to 32.5 kN/mm

Slope Bottom D
Station

In the Slope C
Station

In the Slope B
Station

In the Slope A
Station

15 10 5.8 15.11 19.26 0.15
6 20 2.74 6.15 7.14 4.08
16 30 8.36 19.53 23.09 1.46
17 40 13.93 25.29 23.94 2.85

5.1.4. Effect of Different Pile Lengths

The vertical load–lateral displacement curves for structures with pile lengths of 50 cm,
55 cm, 60 cm, and 65 cm are shown in Figure 8.
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Based on the findings presented in Figure 8a, it is evident that when subjected to
the same vertical load, the incremental change in lateral displacement at the crest of the
structure follows a specific sequence: condition 13 > condition 5 > condition 14 > condition
12. In the intermediate loading phase, with the increase in load, there is minimal variation
in lateral displacement at the crests for conditions 12 and 13, whereas conditions 5 and
14 show a distinct increase in lateral displacement. Moving into the later loading phase,
as the load further escalates, the lateral displacement at the crest remains relatively stable
across all conditions. Notably, the maximum lateral displacement at the crest aligns with
the sequence: condition 5 > condition 14 > condition 13 > condition 12.

From the observations in Figure 8b–d, it can be seen that when the vertical load is
greater than or equal to 40 kN, the lateral displacement trends of the middle and bottom of
this structure are relatively the same. However, when the vertical load exceeds 40 kN, the
lateral displacement trends in the middle and bottom of the structure are similar with an
increasing load: condition 12 > condition 13 > condition 14 > condition 5.

The findings from Figure 8 and Table 10 demonstrate that increasing the pile length
within a specific range improves the ability of the structure to limit lateral displacement at
the midsection and base [28].
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Table 10. Lateral displacement of penetrating reinforced constructions with different long piles
(vertical load: 55.0 kN).

Condition Pile Length/cm Ultimate Bearing
Capacity Q/kN

Horizontal Displacement Amount Corresponding to the Ultimate
Bearing Capacity/mm

Slope Bottom
D Station

In the Slope C
Station

In the Slope B
Station

In the Slope A
Station

12 50 55.0 23.99 38.56 38.23 0.20
13 55 60.0 16.83 26.77 22.79 2.64
5 60 70.0 5.41 11.51 12.30 6.91
14 65 60.0 7.99 13.78 14.31 4.86

5.2. The Distribution Law of Pile-Bending Moments

The pile-bending moment is a direct reflection of the working condition of the reinforc-
ing members and helps in the study of the reinforcement mechanism. In order to determine
the bending moments (Mi) at various sections of the pile, experimental measurements of
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tensile and compressive strains (εt and εc) at specific measurement points along the pile
section are utilized. This calculation is carried out using the bending theory, as described in
Equation (1) [18,23],

Mi = EI∆ε/d (1)

The equation includes the following parameters: E, which represents the elastic
modulus of the model pile; I, which denotes the moment of inertia of the pile section; ∆ε,
which signifies the bending strain of the pile section; and d, which stands for the distance
between two measurement points, equivalent to the pile diameter (m).

5.2.1. Impact of Different Structure Types

The bending moment distribution curve of pile of each structure type is shown in
Figure 9. The maximum bending moments of the pile for different structural types are
listed in Table 11.

Table 11. Maximum bending moment value of the pile for different structure types.

Condition Structure Type Maximum Bending
Moment/(N·m) Vertical Load/kN Pile Depth/mm

1 Sand - - -
2 Flat grain cotton cloth - - -
3 Pile 52.61 30.0 140

4 Both plain cotton cloth and pile
(no cap of pile) 42.89 45.0 140

5 Both plain cotton cloth and pile
(cap of pile) 26.11 67.5 300

According to the observation in Figure 9a, it can be seen that when the vertical load is
large, the maximum positive bending moment occurs near the top of the pile, the positive
bending moment of the pile decreases along the depth direction, and after reaching the
zero point, the negative bending moment of the pile increases along the depth direction
of the pile, and the bending moment of the pile shows that the distribution of “the upper
part of the bending moment is positive, and the lower part of the bending moment is
negative”, which is basically the same as that of the distribution of the bending moments
for foundation piles of bridges on high steep slopes [23,29].

Based on the results shown in Figure 9b, it is evident that high positive bending
moments are observed in both the upper and lower parts of the pile during the initial
loading stage. As the loading entered the middle stage, the positive bending moments in
the upper portion remained elevated, while there was a significant increase in the middle
portion, which peaked at a depth of 300 mm. The smallest bending moments were observed
at the depths of 220 mm and 380 mm. In the final stage of loading, the positive bending
moments in both the upper and middle portions of the pile increased significantly as the
load increased, while the positive bending moments in the upper portion increased more.

The analysis in Figure 9c shows that the bending moments gradually increase between
140 and 300 mm and then decreased between 300 and 460 mm, peaking at 300 mm. In addi-
tion, their bending moments were higher with an increasing load, which was particularly
evident at a depth of 300 mm.

The analysis of Figure 9 and Table 10 reveals that structures with only piles are prone
to rotational deformation around the pile end under vertical loads due to the lack of lateral
restraint by the horizontal reinforcement material. The structure with flat grain cotton cloth
and pile (without the cap of the pile) mainly produces flexural deformation of the pile due
to the lateral restraint of the horizontal reinforcement material when the load is small. At
higher loads, the rotational deformation of the pile around the pile end is obvious. For
the structure with flat grain cotton cloth and a pile (with cap of pile), the cap of the pile
enhances the ability to limit the lateral displacement of the top of the pile and makes the
bending moment distribution of the pile more reasonable [30].
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5.2.2. Effect of Different Pile Lengths

Figure 10 illustrates the variation in pile-bending moments for pile lengths of 50 cm,
55 cm, 60 cm, and 65 cm in the structure. Table 12 presents the maximum pile bending
moments for different pile lengths in the structure.

Based on Figure 10a,b, it can be observed that the trend in pile-bending moments is
quite similar for shorter pile lengths. Initially, between depths of 140 and 300 mm, the
pile-bending moment gradually increases with depth. However, between depths of 300
and 380 mm, there is a decrease in the bending moment, followed by an increase between
depths of 380 and 460 mm. Therefore, the largest bending moments occur at depths of
300 mm and 460 mm. In the mid and later stages of loading, as the load increases, the
bending moment at a depth of 140 mm experiences a noticeable and significant increase.
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Table 12. Maximum bending moment of reinforced fill structure with pile penetration.

Condition Pile Length/cm Maximum Bending
Moment/(N·m)

Vertical
Load/kN Pile Depth/mm

12 50 41.16 52.5 140
13 55 97.51 60.0 140
5 60 26.11 67.5 300
14 65 63.22 60.0 140

Upon analyzing Figure 10c, it can be observed that for a pile length of 60 cm, the
distribution of the pile-bending moments exhibits a parabolic trend with the depth. The
maximum moment is found at a depth of 300 mm.

Based on Figure 10d, it can be observed that for a pile length of 65 cm, the pile-bending
moment shows different trends at different depths. On the other hand, between depths of
300 and 460 mm, the distribution follows a parabolic trend with depth. When the vertical
load is relatively low, the maximum pile-bending moment is found at a depth of 300 mm
and decreases as the load increases. However, with higher vertical loads, the maximum
bending moment occurs at a depth of 140 mm and increases with the load.

By combining Figure 10 and Table 12, it can be inferred that with the increase in the
pile length, the corresponding position of the maximum bending moment of the pile is
shifted downward from the upper part to the middle part, and the corresponding position
of the zero point of the bending moment is shifted downward. This shows that when the
pile length is short, the embedment depth of the pile is small, and the bending moment
of the pile is mainly caused by the rotational deformation of the pile under the action of
a large vertical load. When the pile length is longer, the embedment depth of the pile is
larger, which provides sufficient resistance to the rotational deformation of the pile, and
the bending moment of the pile is mainly caused by the flexural deformation of the pile
under the action of a larger vertical load [31].

5.2.3. Effect of Different Numbers of Reinforcement Layers

The plot in Figure 11 illustrates the distribution of the bending moment along the
pile for various numbers of reinforcement layers. Table 13 displays the maximum bending
moment values for the structure with different numbers of reinforcement layers.

From Figure 11a, it can be observed that in the absence of reinforcement, the bend-
ing moment distribution along the pile increases parabolically with depth during the
initial loading.

According to Figure 11b, the addition of a single layer of horizontal reinforcement
at the base results in a linear decrease in the bending moment with a depth in the range
of 140–220 mm, for a relatively small vertical load. However, from a depth of 220 mm to
460 mm, the bending moment distribution follows a parabolic pattern. When the vertical
load reaches 30.0 kN, both the negative bending moment in the upper part and the positive
bending moment in the lower part increase to their maximum values.

According to Figure 11c, when two layers of horizontal reinforcement are added, the
bending moment decreases nonlinearly with depth from 140–300 mm for vertical loads
≤30.0 kN. After that, it follows a parabolic distribution from a 300 mm to 460 mm depth,
with the maximum bending moment occurring at a 380 mm depth. However, when the
vertical load exceeds 30.0 kN, there is a significant increase in both the positive bending
moment in the upper part and in the negative bending moment in the lower part.

In Figure 11d, the addition of three layers of horizontal reinforcement leads to a
parabolic pattern in the bending moment distribution along the depth of the pile. This
results in a more reasonable distribution of the bending moment, with the maximum
bending moment of 26.11 N·m occurring at a depth of 300 mm.
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Table 13. Maximum bending moment values with different reinforced layers.

Condition
The Number of
Reinforcement

Layer n

Maximum Bending
Moment/(N·m)

Vertical
Load/kN Pile Depth/mm

3 0 52.61 30.0 140
7 1 −61.64 30.0 140
6 2 86.19 45.0 140
5 3 26.11 67.5 300

5.2.4. Effects of Different Slope Rates

Figure 12 illustrates the variation in the bending moment along the pile of the pile
for slope ratios of 0.6, 0.4, and 0.2. Table 14 presents the values of the maximum bending
moments for the structure at different slope ratios.

In Figure 12a, it can be observed that when the slope ratio is 0.6, the bending moment
along the pile decreases nonlinearly with depth within the range of 140–300 mm during
the early and middle stages of loading. From a depth of 300 mm to 460 mm, the bending
moment follows a parabolic trend. In the later stages of loading, as the load increases, there
is a significant increase in the bending moment below a depth of 220 mm in the pile. This
deformation pattern exhibits only positive bending moments, similar to the passive load-
bearing mode of a cantilever structure. The maximum bending moment of 59.85 N·m is
observed at a depth of 380 mm, which closely resembles the distribution pattern of bending
moments in a single vertical pile of a micro-pile reinforced earth retaining wall [32].

According to Figure 12b, the bending moment distribution along the pile follows a
parabolic trend with depth, with a slope ratio of 0.4. The maximum bending moment of
26.11 N·m is observed at a depth of 300 mm.

Based on Figure 12c, a slope ratio of 0.2 and loading in the middle and later stages
result in a point of inflection at a depth of 340 mm along the pile, where the bending
moment becomes zero. Above this point, a parabolic distribution of bending moments is
observed on both sides. The bending moment in the pile is positive above the inflection
point (bending in the same direction as soil sliding), while it is negative below the inflection
point (bending in the opposite direction to soil sliding). This bending moment behavior
resembles that of a micro-pile reinforced earth retaining wall [18,19,22]. With an increasing
load, the positions of the maximum bending moment and the inflection point remain
relatively constant, but the magnitude of the bending moment increases significantly,
reaching a peak of 115.88 N·m.

The analysis of Figure 12 and Table 14 reveals that the slope ratio has a significant
effect on the distribution of the bending moments during the middle and later stages
of loading. Within a certain range, reducing the slope ratio can decrease the maximum
bending moment, leading to a more reasonable distribution of bending moments in the
pile and preventing localized stress concentrations in the pile. However, if the slope ratio is
too small, the absolute magnitude of the bending moment increases.

Table 14. Maximum bending moment value of structures with different slope rates.

Condition Ratio of Slope Maximum Bending
Moment/(N·m)

Vertical
Load/kN Pile Depth/mm

9 0.6 59.85 45.0 380
5 0.4 26.11 67.5 300
8 0.2 115.88 52.5 220
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6. Conclusions

This study was on the bearing and reinforcement characteristics of a pile-penetrating
reinforced structure through an indoor model test. The study yielded the following main
conclusions:

(1) By measuring the lateral displacements of the soil on the slope we can find that
the reinforced fill structure with pile penetration enhances the ability to limit lateral
displacement through the synergistic effect of vertical piles, the cap of piles, and
horizontal reinforcement. This results in a more reasonable distribution of the bending
moment in the pile and improved distribution of the vertical earth pressure.
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(2) Increasing the pile length and the number of reinforcement layers within a certain
range enhances the effect of limiting lateral displacements in the middle and at the
bottom of the slope of the reinforced fill structure with pile penetration. This reduces
the extreme value of the bending moment and makes the distribution of the bending
moment in the pile more uniform. The appropriate spacing of the reinforcement
maximizes the lateral confinement effect on the soil body.

(3) Within a certain range, decreasing the slope rate reduces the extreme value of the
bending moment, improves the distribution of the bending moment in the pile, and
avoids localized force concentration. However, if the slope rate is too small, the
absolute amplitude of bending moment increases. Moreover, increasing the pile
diameter significantly reduces the vertical soil pressure below the cap of pile and
between the cap of piles.
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