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Abstract：To ensure the operational safety of railways in the 
landslide‐prone areas of mountainous regions， a large‐scale 
model test and numerical simulation were conducted to 
study the bending moment distribution， internal force distri‐
bution， deformation development， and crack propagation 
characteristics of a framed anti‐sliding structure （FAS） un‐
der landslide thrust up to the point of failure.  Results show 
that the maximum bending moment and its increase rate in 
the fore pile are greater than those in the rear pile， with the 
maximum bending moment of the fore pile approximately 
1. 1 times that of the rear pile.  When the FAS fails， the dis‐
placement at the top of the fore pile is significantly greater， 
about 1. 27 times that of the rear pile in the experiment.  Ma‐
jor cracks develop at locations corresponding to the peak 
bending moments.  Small transverse cracks initially appear 
on the upper surface at the intersection between the primary 
beam and rear pile and then spread to the side of the struc‐
ture.  At the failure stage， major cracks are observed at the 
pil‐beam intersections and near the anchor points.  Strength‐
ening flexural stiffness at intersections where major cracks 
occur can improve the overall thrust‐deformation coordina‐
tion of the FAS， thereby maximizing its performance.
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Landslides are among the most common and destruc‐
tive geological hazards， causing significant loss of 

life and billions of dollars in damage annually［1‐3］.  To 
mitigate these hazards， anti‐sliding piles are developed 
as an effective method［4‐5］ for transferring landslide thrust 
to more stable sublayers.  Various types of anti‐sliding 

structures are proposed to address different conditions， 
including combined piles， h‐type anti‐sliding piles［6］， 
door‐type piles， bent anti‐sliding piles， and prestressed 
anchor piles.

To quantify the stabilizing effects of these structures， 
numerical approaches （e. g. ， limit analysis， finite differ‐
ence method， and finite element method） are widely ad‐
opted by researchers to study the performance of various 
anti‐sliding structures［7‐13］.  These studies highlight the ef‐
fectiveness of numerical models in understanding the ser‐
viceability and ultimate limit states of these structures.  
Several experimental studies have also been conducted to 
evaluate the effectiveness of anti‐sliding structures［14‐16］.  
In the context of rapid urbanization in mountainous ar‐
eas， a framed anti‐sliding structure （FAS） is developed， 
enhancing the traditional h‐type design by incorporating a 
secondary beam to improve stability and functionality， 
particularly for supporting infrastructure like railways.  
Previous studies have examined the responses of FASs 
during their operational period［17‐18］.  However， few stud‐
ies have explored the stress‐deformation evolution of 
FASs throughout their full lifecycle， from the elastic 
bearing stage to failure.  Furthermore， the underlying 
failure mechanisms remain unclear.  This gap in knowl‐
edge has resulted in overly conservative designs， hinder‐
ing the full utilization of the capabilities of FASs and re‐
stricting their broad applications.

This study aims to investigate the performance of the 
FAS through physical tests and numerical simulations.  A 
large‐scale reduced‐size experiment was conducted， de‐
liberately bringing the structure to failure.  The experi‐
mental setup， process， and results are discussed in de‐
tail.  Following the physical test， a three‐dimensional fi‐
nite element simulation was performed to further explore 
the stress‐deformation behavior throughout the FAS’s en‐
tire lifecycle， as well as its failure mechanisms.
1　Engineering Background

Fig. 1 presents a typical cross‐section of the DK53+200 
segment of the Linzhi railway line in Guizhou Province， 
China， illustrating the application of the FAS on a 
slope.  Originally， this slope was unstable， measuring 
approximately 860 m in length and 640 m in width， with 
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a significant volume.  Following several days of heavy 
rain， cracks began to form， significantly increasing the 
risk of a landslide， which would pose a serious threat to 
lives and property.  To mitigate this risk， FASs were 
implemented as an anti‐sliding structure and support for 
the transit pathway.  After reinforcement， the slope had 

an incline of approximately 23°， with the soil thickness 
ranging from 5 to 15 m.  Fig. 1 highlights an underlying 
weak soil layer that could potentially trigger landslides.  
To further stabilize the slope， a row of stabilizing piles 
was installed in the upper section， positioned 60 m away 
from the FAS.

2　Experimental Tests

2. 1　Scaling design
In this study， a scaled model test with a geometrical 

scaling factor λ of 20 was conducted to evaluate the re‐
sponses of a prototype FAS applied to the slope.  The 
Buckingham π theorem［19］ was used to obtain the similar‐
ity relations for the experiments.  Three independent ra‐
tios between the model and the prototype were main‐
tained in the 1‐g tests （i. e. ， the ratio of geometric size l 
is 1/λ， the ratio of gravity acceleration g is 1， and the ra‐
tio of elastic modulus E is 1）， and the conservation of 
the combinations π across the scales led to the similarity 
ratio for the rest of the parameters.  All the related param‐
eters and material properties are properly scaled and 
listed in Table 1.

2. 2　Test setup
2. 2. 1　Test facilities

As shown in Fig. 2（a）， the testing system consists of 
three main components： the bedrock foundation， the re‐
sisting systems （i. e. ， FASs）， and the thrust system.  

Fig. 1　Typical cross‐section of DK53+200 in the Linzhi railway line （unit： m）

Fig. 2　 Physical scale model.  （a） 3D view of the model ； 

（b） Arrangement of sensors on the FAS （unit： mm）

Table 1　Dimension and similarity relation
Parameter
Stress σ
Strain ε

Displacement u
Flexural rigidity EI

Inner friction angle φ
Moment M

Reinforcement ratio ζ
Force F

Similarity relation
1
1

1/λ
1/λ4

1
1/λ3

1
1/λ2
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The computer‐controlled thrust system comprises a hy‐
draulic jack， pressure transducers， a reaction wall， and a 
steel plate that acts on the upper part of the soil.  The 
FASs and the bedrock were situated inside a large steel 
container anchored to the ground.  The container was 2 m 
in height， 3. 5 m in length， and 2. 0 m in width.  The in‐
ner surface of the container was coated with a thin layer 
of lubricant to reduce the side friction between the soil 
and the inner wall.  A total of five FASs， connected by 
the soil nail walls， were constructed to resist the upper 
part of the soil that was thrusted by the steel plate.  The 
dimensions of the FAS model were calculated by the 
aforementioned similarity ratio and are provided in 
Table 2.

Only the FAS located in the middle of the system was 
monitored to avoid the boundary effects.  The arrange‐
ment of the strain gauges （BMB120‐3AA（11）‐P3000‐D） 
and displacement meters （V‐DCD50‐S1‐B‐7‐L1） are dis‐
played in Fig. 2（b）.  A total of 12 strain gauges were 
placed on the front and back surfaces of the rear pile with 
a spacing of 280 mm， and a total of 12 strain gauges 
were implemented on the front and back surfaces of the 
fore pile with a spacing of 295 mm.  The strain gauges on 
the primary and secondary beams were spaced 170 mm 
apart.  Two displacement meters were placed on the top 
of the fore and rear piles to measure displacement.  In ad‐
dition， a camera was used to monitor the damage to the 
FASs and the slope surface during the application of 
thrust.
2. 2. 2　Model materials

The prototype steel bars and aggregates for C40 con‐
crete could not be uniformly poured into the mold of the 
scaled FASs.  As a result， self‐made reinforced concrete 
with fine aggregates was used， with an aggregate size of 
less than 5 mm and steel bars （tensile strength of 360 
MPa） with a diameter of 6 mm.  After adjusting the mix 
ratios， it was determined that self‐made reinforced con‐
crete with a water‐to‐cement ratio of 0. 48 and an 
aggregate‐to‐cement ratio of 3 could replicate the proper‐
ties of C40 concrete.  For the scaled soil nail wall， a 
15 mm wooden board with equivalent bending stiffness 
was used as a substitute.  C20 plain concrete was applied 
for the bedrock material to ensure sufficient rigidity and 
strength to anchor the FASs.  The slope was modeled us‐
ing gravel soil sourced from the project site， with a com‐
paction degree of 90%.

2. 3　Test procedure

The reinforcement skeleton， as shown in Fig. 3（a）， 
was first fabricated and placed into the mold.  Self‐made 
concrete was then poured into the mold in two batches to 
form the FASs.  The mold’s inner surface was coated 
with a thin layer of Vaseline to facilitate the demolding 
process.  After curing， 16 pairs of strain gauges were 
symmetrically attached on either side of piles and beams 
according to the spatial arrangement described earlier 
（Fig. 3（b））.  Before pouring concrete to construct the 
bedrock， polyvinyl chloride pipes were installed at the lo‐
cation of the fore and rear piles of the FASs to provide 
wiring space for the monitoring system， including vari‐
ous sensors （Fig. 4（a））.  Once the bedrock had solidi‐

Table 2　Geometry size of scaled FASs in the model test
Parameter

Dimension of fore piles/(mm×mm×mm)
Dimension of rear piles/(mm×mm×mm)

Dimension of primary beams/(mm×mm×mm)
Dimension of secondary beams/(mm×mm×mm)

Anchorage depth of fore piles/mm
Anchorage depth of rear piles/mm

Value
100×150×1 550
100×150×1 550
125×100×395

60×50×395
750
750

Fig. 3　Preparation of FASs.  （a） Steel skeleton； （b） Layout 
sensors

Fig. 4　Construction of the physical scale model.  （a） Reserve 
space for FAS and pour the bedrock； （b） Install FASs and fill 
the slope
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fied， gravel soil was filled and compacted inside the con‐
tainer until the required degree of compaction was 
achieved （Fig. 4（b））.  Finally， incremental thrust was 
applied using a hydraulic jack， and the responses of the 
FASs were closely monitored.  Each incremental thrust 
was 20 kN， with constant pressure maintained for 15 min 
before adding the next increment.  The test procedure 
stopped when significant slippage occurred at the slope‐ 
bedrock interface or when pile damage was observed.
3　Three‑Dimensional Finite Element Model

In this section， a three‐dimensional finite element 
model based on the experiment was developed using 
ABAQUS software， and comparisons were made with 
the data directly measured from the experiment.  The geo‐
metric dimensions of the numerical model match those of 
the physical model test， as shown in Fig. 5（a）.  The 
model of the simulation consists of four key compo‐
nents： FASs， soil nail wall， slope， and bedrock.  The 
bedrock and the soil nail wall were considered linear elas‐
tic material.  The slope was modeled as a linearly elastic， 
perfectly plastic material with the Mohr‐Coulomb crite‐
rion.  The friction angle and cohesion for the slope were 
determined based on a consolidation drainage triaxial 
compression test.  The Poisson’s ratio of 0. 18 and the 
elastic modulus of 20 MPa were assigned to the slope.  
The FASs were modeled as an isotropic elastoplastic con‐
crete， using Mohr‐Coulomb material with a cohesion of 
3. 34 MPa and a friction angle of 51. 5° ， as recom‐
mended by Cong et al. ［20］.  All detailed parameters used 
in the finite element model are provided in Table 3.  The 
tie constraint was adopted for the interface between the 
FASs and bedrock as well as the FASs and soil nail wall.  
For the bedrock‐slope interface， a surface‐to‐surface con‐
tact was applied with hard contact in the normal direction 
and a tangential friction coefficient of 0. 7.  For the soil 
nail wall‐slope interface， a surface‐to‐surface contact 
was also applied， with hard contact in the normal direc‐
tion and a tangential friction coefficient of 0. 36.  The bot‐
tom of the model was fixed in all three directions， with 
the sides of the model constrained in the X and Y direc‐
tions.  Finite element simulation consisted of two steps.  
First， the gravity load （1g） and geostatic stress were ap‐
plied to achieve the in situ stress state.  In the second 
step， thrust was applied perpendicular to the loading sur‐
face， starting with an initial thrust of 20 kN and increas‐
ing incrementally by 20 kN until a maximum of 180 kN 
was reached.  Throughout both steps， the gravity load 
was applied using the predefined field manager in 
ABAQUS.

4　Results and Discussion

4. 1　Bending moment

The bending moment M can be calculated from one set 
of recorded strains on both sides of the piles or beams at 
the same cross‐section by Eq.（1）.

M =  EI (ε t - εc )
ld

（1）
where ε t and εc are the tensile （positive） and compres‐
sive （negative） strains of the same cross‐section， respec‐
tively； ld is the distance of one set of strain gauges.

The bending moment profiles of the fore and rear piles 
are shown in Fig. 6， with the experimental and numerical 

Fig. 5　Finite element model for physical model.  （a） Dimen⁃
sion of the finite element model （unit： mm）； （b） Finite ele⁃
ment mesh

Table 3　Material parameters in the finite element model

Material

Slope
FAS

Soil nail 
wall

Bedrock

Young’s 
modulus/

MPa
20

32 500
11 000
26 000

Poisson’s 
ratio
0.18
0.20
0.25
0.27

Unit 
weight/

(kN·m−3)
20
24
8

24

Cohesion/
kPa
15

3 340

Friction 
angle/(°)

25
51.5
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results displaying strong agreement.  As illustrated in 
Fig. 6（a）， the bending moment of the fore pile forms a 
rotated W shape， increasing linearly as the applied thrust 
increases.  The maximum bending moment occurs at the 
anchor points.  When the applied thrust is 60 kN， the 
maximum bending moment is approximately 780 N·m， 
and for every additional 40‐kN thrust， the maximum bend‐
ing moment increases by about 700 N·m.  In Fig. 6（b）， 
the bending moment of the rear pile exhibits an inverted 
V shape， also increasing linearly with the applied thrust.  
The maximum bending moment of the fore pile is ap‐
proximately 1. 1 times that of the rear pile.  For every 
40 kN increase in thrust， the maximum bending moment 
of the rear pile increases by approximately 650 N·m.  
Therefore， a larger bending moment is observed in the 
fore pile， suggesting that it should be designed to be 
stronger than the rear pile.

Fig. 7 shows the distribution of the bending moment 
along the primary and secondary beams.  Within the 
range of 0 to 0. 23 m， the bending moment in both 
beams decreases as the distance to the pile increases.  Be‐
yond 0. 23 m， the bending moment gradually increases 
with the distance to the fore pile.  Since the bending mo‐
ment in the fore pile is larger than that in the rear pile， 
the zero points of the bending moments in both the pri‐
mary and secondary beams are positioned closer to the 
rear pile.  The distance ratio of these zero points to the 
fore and rear piles is approximately 5∶3.  Overall， the 
bending moment in the primary beam is greater than that 
in the secondary beam.

4. 2　Displacement

Fig. 8 illustrates the variation in the displacement at 
the top of the fore and rear piles as the thrust gradually in‐
creases.  The experimental and numerical results demon‐
strate that the displacement at the top of the fore and rear 
piles increases with the applied thrust.  Numerical simula‐
tions align closely with the experimental data when the 

Fig. 7　Distribution of the bending moment along the beams.  
（a） Primary beam； （b） Secondary beam

Fig. 6　 Distribution of the bending moment along piles.  
（a） Fore pile； （b） Rear pile

Fig. 8　Development of displacements at the top of piles.
（a） Fore pile； （b） Rear pile
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thrust is below 160 kN， although the numerical results 
are slightly higher.  However， when the thrust increases 
from 160 to 180 kN， the displacement increment in the 
experiment is significantly larger than that in the numeri‐
cal simulation.  This is due to the unstable development 
of cracks in the experiment during the thrust stage， lead‐
ing to failure.  Additionally， the displacement at the top 
of the fore pile is consistently greater than that of the rear 
pile as the thrust increases.  At a thrust of 140 kN， the 
displacement at the top of the fore pile is 1. 27 times 
greater than that of the rear pile and 1. 22 times greater in 
the numerical simulation.  This indicates a higher degree 
of deformation in the fore pile when subjected to thrust 
from the slope.
4. 3　Locations of cracking

This section analyzes crack formation to identify vul‐
nerable locations in the FAS.  The appearance and pro‐
gression of cracks as the thrust increases can be catego‐
rized into three stages： elastic stage （0 to 100 kN）， 
crack development stage （100 to 160 kN）， and steel bar 
yield stage （greater than 160 kN）.  During the first 
stage， no cracks were observed on the FASs， with the 
largest stress concentrated on the lower surface of the 
FASs at the intersection between the secondary beam and 
fore pile （Fig. 9（a））.  In the second stage， the largest 
stress shifted to the upper surface at the intersection be‐
tween the primary beam and the rear pile.  The stress at 
this position exceeded the ultimate tensile stress of C40 
concrete， leading to the formation of transverse cracks at 
the same position （Fig. 9（b））.  With further thrust appli‐
cation， the region where tensile stress surpassed the ulti‐
mate tensile stress of C40 concrete expanded.  Specifi‐
cally， at the intersection between the primary beam and 
rear pile， the region experiencing critical stress grew 
from the upper surface of the intersection to the sides， 
which corresponded with the lateral spread of transverse 
cracks along the FAS structure （Fig. 9（c））.  In the third 
stage， when thrust surpassed 160 kN， the region experi‐
encing critical stress extended across the entire 
cross‐section of the intersection between the primary 
beam and rear pile， resulting in the formation of a plastic 
hinge at this location （ Fig. 9（d））.  As stress of the steel 
bars gradually exceeded their yield strength， the struc‐
ture’s bearing capacity dropped sharply， leading to fail‐
ure.  Post‐failure observations revealed major cracks at 
the intersections between the piles and beams as well as 
near the anchor points.  These locations align with the 
peak values observed in the bending moment diagrams 
（Figs.  6 and 7）.  Although bending moments at the an‐
chor points of the fore and rear piles were larger than 
those experienced by the beams， cracks were first devel‐

oped in the primary beam because of its lower flexural 
stiffness.  This finding suggests that， in this engineering， 
enhancing the flexural stiffness of the primary beam 
could improve the overall thrust‐deformation coordina‐
tion of the FAS， thereby increasing its structural resil‐
ience.

5　Limitations and Discussion

Meeting all similarity criteria precisely is unfeasible.  
In this study， a jack was used to apply thrust to the FAS 
until failure， making the effects of a unit weight （i. e. ， 
density） on the FAS responses a secondary factor.  Thus， 
the exact similarity in the unit weight （i. e. ， density） is 
less crucial.  The bedrock serves as an anchor for the 
FAS， while the soil nail wall connects the structure and 
transfers thrust.  Therefore， provided that the bedrock 
and soil nail wall have adequate strength to prevent fail‐
ure， strict material similarity can be relaxed.

Fig. 9　 Variation in stress with slide thrust.  （a） 60 kN ； 
（b） 100 kN； （c） 140 kN； （d） 180 kN
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This paper focuses on the FAS performance for a slope 
under landslide thrust， excluding train loads from the cur‐
rent analysis.  Future studies will incorporate train loads， 
focusing on the dynamic response of the FASs.
6　Conclusions

This paper investigated the performance of a newly de‐
veloped FAS through physical model tests and numerical 
simulation.  The scaled physical model was tested under 
simulated landslide thrust until failure.  A corresponding 
finite element simulation was developed to replicate the 
experimental results， which showed good agreement 
with the test data， enhancing the understanding of the 
stress distribution and failure mechanisms.  Based on the 
results and discussions， the following conclusions can be 
drawn.
（1） The maximum bending moments in both piles oc‐

curred at the anchor points and increased linearly with the 
applied thrust.  The fore pile experienced higher stress 
concentrations than the rear pile.
（2） Under slope thrust， the fore pile exhibited more 

deformation compared to the rear pile.  At a thrust of 140 
kN， the displacement at the top of the fore pile was 1. 27 
times greater than that of the rear pile in the experiment 
and 1. 22 times greater in the numerical simulation.
（3） As the thrust increased， the small transverse 

cracks were first appearance at the intersection between 
the primary beam and the fore pile.  With further thrust 
increase， the cracks expanded to the sides of the FAS.  
Finally， concrete at the intersection between the primary 
beam and piles exceeded its ultimate tensile stress， form‐
ing a plastic hinge and leading to the failure of the FASs.
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山区铁路框架式抗滑结构模型试验及数值模拟
邱睿哲 1， 刘凯文 1，2， 杨智翔 3， 马驰原 1， 肖健 1， 苏谦 2

（1.西南交通大学土木工程学院，成都 610031；2.西南交通大学高速铁路线路工程教育部重点实验室，成都 610031；

3.四川成绵苍巴高速公路有限责任公司成都分公司，成都 610213）
摘要： 为保证山区滑坡易发地区铁路的运营安全，通过大比例尺模型试验和数值模拟方法研究了山区铁路

框架式抗滑结构在滑坡推力作用下直至结构失效过程中的弯矩分布特点、内力分布特点、变形发展规律及

裂缝发展规律。结果表明，前桩的最大弯矩及增加率均大于后桩，前桩的最大弯矩约为后桩的 1. 1倍。当框

架式抗滑结构失效时，前桩桩顶位移更为显著，大约是后桩的 1. 27 倍。主要裂缝出现在与峰值弯矩对应的

位置。横向微小裂缝首先出现在主梁与后桩连接处的上表面，随后扩散至结构侧面。在失效阶段，主要裂

缝出现在桩-梁交接处及锚固点附近。增强主要裂缝发生截面的抗弯刚度，可以提高框架式抗滑结构的整

体荷载-变形协调性，从而最大限度地发挥结构的性能。

关键词：山区铁路；边坡；框架式抗滑结构；模型试验；有限元模拟；力学响应
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