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Abstracts
Anti-sliding piles play a key role in slope stabilization. This study explored the distributions of earth pressure and soil 
resistance acting on full buried single-row anti-sliding piles installed in loess slopes. Two groups of in-situ model tests were 
carried out at a loess slope in northern Shaanxi, China, to observe the load transmission process between the loess and piles. 
Numerical simulations were used for auxiliary analysis. The in situ testing showed that the model piles failed by fracture 
damage. The distribution curve of earth pressure was parabolic, while that of soil resistance was shaped like an inverted 
trapezoid. The simulations showed similar distributions, illustrating that earth pressures have similar distributions under 
various embedded conditions and are related to the slip bed material and embedded depth, and soil resistance. Combining 
the results of the in situ tests and simulations, the axes of symmetry were predominately located at 1/3 of the load-bearing 
segment. The resultant force of earth pressure was located within the range of 9/16 to 3/5 of the load-bearing segment, 
while that of soil resistance was located at 3/10 to 2/5. These results demonstrate the distributions of earth pressure and soil 
resistance acting on full buried single-row anti-sliding piles installed in loess slopes that have a potential sliding surface. 
The results of this study will aid in anti-sliding pile design.
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Introduction

The deformation and stability characteristics of retaining 
structures built on loess slopes have a major influence on 
the safety of adjacent built structures (Zhou et al. 2020). 
Anti-sliding piles are a type of retaining structure that has 
been widely used in slopes, especially loess slopes. A large 
number of studies have focused on the interactions between 

anti-sliding piles and soil in recent years, such as Zhang 
et al. (2017) and Chen et al. (2020). However, because these 
piles are hidden in the ground, it difficult to identify the 
stress states that may influence them.

In recent years, a number of highways have been built 
in northern Shaanxi, a loess area in northwest China. Many 
artificial loess slopes reinforced by single-row anti-slide piles 
remained after road construction was completed. Follow-up 
monitoring observed that some anti-sliding piles had small 
but continuous horizontal displacements at the pile-top. Such 
problematic anti-sliding piles present an opportunity to study 
pile-soil interactions and load transmission processes so that 
pile design and use can be improved.

In a case study, Vassallo et al. (2019) reported on an inter-
action between a slow-moving landslide of clay soil and a 
railway tunnel protected by sheet pile walls that crossed the 
area of landslide accumulation. The results provide a basis 
for studying the interactions between multiple structures and 
soil. Inspired by previous methods, Li et al. (2015) and Li 
et al. (2017) used the finite element method in ANSYS soft-
ware to apply a distributed load of earth pressure on the side 
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of a 2D pile, rather than a load of soil along the pile, which is 
more common. Then, the deformation control principle was 
used to search for the failure criteria of anti-sliding piles. 
Some signs suggest that the pile-soil interaction process and 
deformation of pile are impacted upon the distribution of lat-
eral stress. Thus, the distribution functions of earth pressure 
and soil resistance are the key focus of this study.

Designers have used the elastic foundation coefficient 
method to calculate the internal forces in anti-slide piles as 
it has a simple calculation process. Architects use a basic 
principle in anti-sliding pile design, which assumes that the 
embedded section below the sliding surface is like a beam 
on elastic foundation. The earth pressure and soil resistance 
on the sides of anti-slide piles are always assumed to have a 
triangular distribution. However, this assumption is overly 
simplistic for clayey soil. Some researchers have studied the 
distribution of earth pressure by numerical analysis (Zhou 
et al. 2014) and scale model testing (Tang et al. 2014), find-
ing it to be parabolic. Dai summarized the distribution of 
earth pressure and soil resistance and derived distribution 
functions for different soil conditions (Dai 2002), including 
rock, sand, clay and sand-clay. Although the distribution of 
earth pressure has been studied for a long time, there has 
been little study of the distributions of earth pressure and 
soil resistance in loess slopes.

Landslides in loess slopes in northern Shaanxi can be 
divided into three categories: landslides in loess, red clay 
contact landslides, and bedrock contact landslides (Qiu et al. 
2017). To simulate pile-soil interactions, researchers have car-
ried out a number of laboratory model tests. Liu et al. (2011) 
designed a loess slope model of with single-row cantilever 
anti-sliding piles. Both the slipping mass and sliding bed were 
made of remoulded loess, while the sliding surface was a layer 
of plastic film. Other researchers have used various methods to 
imitate the pile-soil interaction process (Fan et al. 2019; Hull 
1995; Li et al. 2016; Ozcelik and Yildirim 2014; Qian et al. 
2011; Wang and Zhang 2013; Wang et al. 2017). However, the 
degree of influence on remolded soils remains unclear, espe-
cially for loess. Several studies have conducted in situ tests on 
anti-slide piles. Zomorodian and Dehghan (2011) conducted 
small-scale model tests to evaluate the lateral resistance of a 
single pile located near a reinforced sandy slope. Frank and 
Pouget (2008) conducted long-term tests to determine long-
duration P–y lateral reaction curves. Kang et al. (2009) stud-
ied a large-scale cut slope subjected to staged reinforcement 
and investigated changes in its stability using field monitoring 
and slope modelling. Nimityongskul et al. (2018) carried out 
a series of full-scale lateral load tests of fully instrumented 
piles in cohesive soils their lateral responses in free-field and 
near-slope conditions. Smethurst and Powrie (2007) monitored 
a number of discrete piles used to stabilise a railway embank-
ment at Hildenborough, Kent, UK. Song et al. (2012), How-
ever, laboratory tests remain relatively few. Another effective 

method of studying pile-soil interactions is numerical analysis. 
Due to its simplicity, a large amount of work has been done by 
this method (He et al. 2018; Ho 2015; Hou et al. 2015; Li et al. 
2012, 2013; Xiao 2016).

In recent years, it has become common to combine physi-
cal testing with numerical analysis to solve engineering 
problems. Liu et al. (2018) carried out laboratory model 
tests and imitated them in ABAQUS software to study 
h-type anti-slide piles. Lirer (2012) analyzed a slope with 
piles using long-term testing data and numerical analysis 
results. Lirer (2012) interpreted data from inclinometers 
placed upslope, downslope and along a pile to determine 
whether a plastic hinge formed. A similar method was used 
by Gu et al. (2014).

In the present study, to avoid effects between undisturbed 
and remolded loess (Xu and Guo 2020), in situ tests of pile 
models were conducted on a loess slope located along the 
G65w Highway, with undisturbed loess used as the soil 
around the piles. Then, a number of numerical tests were 
conducted to simulate the in-situ model tests. The aims were 
to understand (1) the loading transfer variation, (2) the fail-
ure mode of the anti-sliding piles, and (3) the distribution 
forms of the earth pressure and soil resistance on the piles’ 
sides. These results were used to deduce a reasonable stress 
distribution function suitable for loess slope in northern 
Shaanxi.

In‑situ model tests

General engineering situation

Prototype single-row anti-sliding piles were fully bur-
ied at an artificial loess slope toe located along the G65w 
Highway in northern Shaanxi, China. The lower two-
thirds of each pile was embedded in sandstone. The piles 
were made of reinforced concrete (C30) with rectangu-
lar Sects. (2 m × 3 m) and lengths of 25 ~ 40 m, and were 
installed with a 6-m pile spacing. The reinforcement ratio 
in the tension area was 0.4% and the effective diameter was 
64 mm. The landslide mass was mainly composed of Q2 
loess (average silt content about 82%). The sliding bed was 
sandstone and between the landslide mass and sandstone was 
a mudstone interlayer in local regions. The inclination angle 
of the slip surface ranged from 5° to 10° (Fig. 1).

Model scale choice

The linear scale determines the similarity in shape and 
size between a prototype and a model. In this study, the 
size of each prototype anti-sliding pile was length × wi
dth × height = 3 m × 2 m × 40 m, so the linear scale for 
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the in-situ model tests was designated as 1:40, so that 
the model piles could be carried to the test site. In simi-
larity theory, models are always made in a similar way 
to prototypes. Thus, the material, was selected in strict 
accordance with the linear scale but did not have enough 
strength for use in model piles. Many researchers have 
used other materials instead, such as stainless steel (Pan 
et al. 2002), a mixture of gypsum, sand and water (Wang 
and Zhang 2013), nylon (Li et al. 2016), aluminum pipe 
(Ozcelik and Yildirim 2014), and reinforced concrete (Liu 
et al. 2011, Qian et al. 2011, Tang et al. 2014). Most 
have used reinforced concrete as the model pile material 
and obtained reliable test results. Thus, in this study, the 
model pile material was C30 concrete with steel rein-
forcement. The corresponding physical variables were 

CE = 1 , C
�
= 1 , C

�
= 1 , C

�
= 1 , and Cq = 1 ∶ 40 , where 

E is the elastic modulus, � and � are the stress and strain 
in the anti-slide piles, respectively, � is the reinforce-
ment ratio, and q is the loading on the pile sides. The 
parameters of the prototype and model piles are shown in 
Table 1. The top 5 cm areas of the model piles were used 
for displacement monitoring.

Designing of in‑situ model test

Two groups of in-situ model tests were designed to explore 
the deformation process in single and double piles. Each test 
had several parts, including a loading system, force transmis-
sion system, monitoring system and reaction wall. Hydraulic 
jacks were used to apply horizontal and vertical loadings 
in the tests. The force transmission section was made of a 
sheared block 60 cm long × 60 cm wide × 33 cm high. The 
model anti-sliding piles were fully buried in undistributed 
loess in front of the shear blocks. Figure 2 shows the design 
of the in situ model tests.

Model pile prefabrication

Precast reinforced concrete piles were used in the model 
tests. Reinforcement cages of 8-mm diameter were made 
of hand-woven wire and placed inside the piles. The com-
position of the pile concrete was 1 water:2.1 concrete:4.2 
sand:6.9 fine stone:1.2 admixtures. The whole process of 
pouring the model piles was conducted on a vibrating table 
to ensure good fabrication quality (Fig. 3a).

Sensor placement

Strain gauges and micro earth pressure cells were pasted 
onto the sides of the piles to monitor the bending moment, 
earth pressure and soil resistance (Fig. 3b and c).

Test site

It was not possible to conduct the tests near the prototype 
anti-sliding piles, so a testing site was selected on a slope 
along the G65w Highway near the Wanhua Tunnel exit, 
which was not too far from the prototype piles. The artificial 

Fig. 1   Prototype slope and anti-slide pile along the highway in north-
ern Shaanxi

Table 1   Parameters and materials of prototype and model anti-slide pile

The length of model pile should be 100 cm, the extra part will be used to observe displacement of pile top

Type Section size 
(width × length) (cm)

Pile length (cm) Pile material Reinforcement material Reinforcement 
ratio (%)

Actual pile 200 × 300 4000 C30 HRB400 (effective diameter = 64 mm) 0.4
Model pile 5 × 7.5 105 (100 + 5) C30 Steel wire (diameter = 1.6 mm) 0.4
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slope was over 130 m high and was named Wanhua Slope. 
It had 14 steps and a gradient ranging from 1:1 to 1:0.5. 
There was a 20-m-wide platform at the fourth step, which 

had enough area to conduct the in-situ model tests. The loca-
tion of testing site is shown in Fig. 4.

Test details

Some key factors that needed to be controlled in the tests 
were the pile holes, embedding conditions and sheared 
blocks.

It is critical that precast model piles are placed perfectly 
in the designed position. In this study, a Luoyang shovel 
with a rectangular section measuring 6 cm long × 9 cm wide 
was custom-made to make the holes required for the model 
tests (Fig. 5c).

In order to enhance the strength of the lower soil, some 
cement was poured into the holes to replace the subsoil 
after meeting the elevation requirement. The model piles 
did not make close contact with the surrounding soil due 
to measurement discrepancy between the piles and holes. 
Model piles were wrapped with multiple layers of plastic 
film to isolate them from soil water. Thus, a certain amount 
of cement soil, consisting of cement, water and loess, was 
infused into the interspaces to enhance contact between then 
model piles and soil.

Before the model tests, the sheared blocks needed to 
be pretreated. The size of the sheared blocks was 60 cm 
width × 60 cm length × 30 cm high, and they were designed 
according to the in situ direct shearing tests. A shear box 
(60 cm wide × 60 cm long × 30 cm high) was produced fol-
lowing the regulations for in situ direct shear tests. However, 
there were some differences during their preparation. Shear 
blocks were excavated at the test site. At first, the upper 
surfaces and three free surfaces of the sheared blocks were 
cut and flattened to the designed sizes. The last surface was 
placed near the model piles. Then, for security during the 
consolidation process, a slot of 60 cm × 3 cm × 30 cm was 
carved between the sheared block and the soil around the 
pile. A steel plate was put in the slot to provide absolute lat-
eral confined constraints during vertical consolidation of the 
soil blocks and prevent them from collapsing. After vertical 
consolidation, the steel plate was removed and the slot was 
filled with compacted soil.

Loading method

The purpose of the in-situ model tests was to simulate the 
landslides process, including slippage, extrusion on the 
pile sides, and transmission of lateral loads to the modelled 
pile-soil. Therefore, it was necessary that the sheared blocks 
could be compacted to simulate the real stress status. The 
consolidation pressure was 300 kPa, and it was reloaded as 
a normal loading when the testing started.

Fig. 2   Designing of in-situ single-row anti-sliding pile model tests. 
a Designing of single pile. b Designing of double piles. c Test dia-
gram of in situ single-row anti-sliding pile model tests. d 3D sketch 
of in situ single-row anti-sliding pile model tests (single pile)

◂

Fig. 3   Manufacturing and sensor layout of model piles. a Pouring 
model piles on the miniature vibration table. b Placement of sensors 
on the model pile sides (unit: mm). c The model pile with sensors
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Lateral loading scheme: A jack was used to apply lat-
eral design loads that increased from 0 kPa in 30 kPa steps. 
When the accumulated lateral load reached 120 kPa, the step 
size was adjusted to 10 kPa and the designed load was meas-
ured by a liquid-pressure gauge on the jack. The application 
of lateral load stopped when the increment in the horizontal 
displacement of the pile-tops was consistent with that of the 
soil blocks at multiple levels in succession or exceeded that 
of the sheared soil blocks.

Monitoring method

The horizontal and vertical placements of the pile-tops, 
the horizontal placement of the sheared soil blocks, the 
pressure and resistance of the soil beside the piles, and 
the bending moments of the piles needed to be monitored 

during the model tests. The horizontal and vertical place-
ments of the pile-tops were individually monitored by a 
30 mm dial indicator, while the horizontal placements of 
sheared blocks were monitored by a 100 mm dial indi-
cator. A strain collector collected data from each sensor 
at a frequency of 1 Hz regarding and the pressure and 
resistance of the soil beside the piles and the pile bending 
moments.

Testing procedure

Photographs of the main components of the model testing 
process are shown in Fig. 5, where Fig. 5a shows the cutting 
and finishing of sheared blocks, Fig. 5b shows the installa-
tion of steel plates to form a shear box, Fig. 5c shows the 
making of pile holes, Fig. 5d shows the application of a 

Fig. 4   Location of in situ 
single-row anti-sliding pile 
model test ground (in loess area 
in northwest China)

Fig. 5   The mainly process of model test, where a is excavating the 
shear block; b is installing the shear box; c is drilling into the model 
slope by a specially made Luoyang shovel; d is applying the normal 

load; e is embedding model piles into undisturbed loess; f is the con-
solidation process under 300 kPa normal load; g is the instrument; h 
is the overview of piles and shear block after the test
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normal load, Fig. 5e shows the placement of model piles 
into pile holes and infusion with cement-soil grout, Fig. 5f 
is sticking glass capable on the top of model pile, Fig. 5g 
shows the process of consolidation, Fig. 5h shows the com-
missioning of instruments before the tests, and Fig. 5i shows 
the state after testing.

Numerical testing based on in‑situ model 
tests

In situ model testing can provide information about pile-
soil interactions on loess slopes but has some limitations. 
For example, full-scale tests are difficult to carry out due 

Fig. 6   Numerical test designing 
(the control variable contains 
load length and embedded 
condition)
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to their size and only some of the boundary conditions can 
be simulated. Therefore, based on the in-situ model tests, 
numerical analysis was used as another way to explore the 
pile-soil interactions.

Numerical test designing

Three conditions were controlled in the numerical tests: the 
embedded condition, embedded ratio, and number of anti-
slide piles. The embedded conditions comprised Q2 loess 
and moderately weathered sandstone because the model 
piles were embedded in Q2 loess while the prototype piles 
were embedded in moderately-weathered sandstone. Hence, 
the degree of impact of the embedding conditions on the 
earth pressure and soil resistance relationship could be 
determined.

The embedded ratio is a parameter that describes the 
length of embedded segments. In the numerical tests, the 
embedded ratios included 2/3, ½, and 1/3, which are com-
monly used values in anti-slide pile design. These variables 
can determine whether the relationship between earth pres-
sure and soil resistance varies according to embedded depth.

The last condition controlled in the tests was the number 
of piles. Single, double, and triple piles were used to deter-
mine the effect of pile number on the relationship between 
earth pressure and soil resistance.

Schematics of the test designs are shown in Fig. 6, which 
shows the single-, double-, and triple-pile conditions used 
for the numerical analyses. A total of 18 tests was conducted 
in ABAQUS. All the dimensions used in the numerical 
models were consistent with those of the in-situ model tests 
(Fig. 7).

Numerical model parameters

The main parameters of the numerical model are shown 
in Table 2. The Mohr–Coulomb model was adopted for 
undisturbed loess and sheared blocks, and the unit type was 
C3D8R. The CDP concrete model was adopted for the C30 
concrete, and the unit type was C3D8R. The plastic model 
was adopted for the reinforcement cages and the unit type 
was T3D2.

Loading method

A displacement loading method was used to apply lateral 
loads in the tests by step-by-step horizontal displacement of 
the rear of the sheared blocks based on the displacements 
observed in the in situ model tests. The displacement loads 
in each step are shown in Table 3.

Results and discussion

In‑situ model test results

Displacement result analysis

The horizontal and vertical displacements of the pile-
tops obtained from the in-situ model tests are shown in 
Fig. 8, of which horizontal displacements were greater. 
The increase in horizontal displacement was more rapid 
in single piles than double piles.

A comparison of the horizontal displacement curves 
of the pile-tops and sheared blocks is shown in Fig. 9a. 
Unlike the horizontal displacement of pile-tops and 

Fig. 7   Numerical model (as a 
sample, the model of single pile 
test is shown in Fig. 7)
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sheared blocks, the stress deformation process in the 
model anti-slide piles had three stages: non-deformation, 
effective deformation and failure. The boundary between 
the first and second stages was named as critical start-up 
load, i.e., the horizontal load when the model pile began to 
deform. The boundary between the second and third stages 
was named as critical stabilizing load, i.e., the maximum 
horizontal load that the model pile could resist.

The critical start-up load was the lateral load when a 
horizontal displacement first occurred at pile-top. It was 
determined from the curve of displacement increasement 
at the pile-top. To determine the critical stabilizing load, 
the key was to compare the horizontal displacement incre-
ments of the shear block and pile top. This is because, with 
the development of lateral load, the displacement increment 
at the pile-top becomes closer to that of the shear block if 
a fracture has occurred in the pile body. Thus, we selected 
the boundary which horizontal displacement at the pile-top 
started to decrease at the next load stage compared with the 
difference of horizontal displacement of the sheared block 
as the critical stabilizing load.

The results of the above division method are shown in 
Fig. 9b. The critical start-up loads were 43 kN for single piles 
and 32.5 kN and 22 kN for the double piles A and B, respec-
tively. The critical stabilizing load of single piles was 89.5 
kN, while double piles A and B had the same critical value 
of 93 kN. Comparing the two model tests, double piles had a 
longer effective deformation state and a higher critical stabiliz-
ing load. However, piles A and B had different critical start-up 
loads, which could indicate that they had different stress states 
in the system.

Earth pressure and soil resistance results

The data measured by the miniature earth pressure cells were 
substituted into Eq. (1) to calculate the earth pressure and soil 
resistance.

where Y is earth pressure or soil resistance (kPa); X is the 
strain measured by the pressure boxes; A is the strain value 
corresponding to a pressure meter reading of 0 kPa accord-
ing to the calibration parameter table; and K is a sensitivity 
coefficient corresponding to each pressure box.

The variations in earth pressure and soil resistance on the 
sides of a single pile are shown in Fig. 10a. The figure shows 
that with increasing lateral load, both earth pressure and soil 
resistance increased consistently from the 1st to 17th load 
stages. The variation in earth pressure first increased and then 
decreased with increasing depth and the maximum possible 
earth pressure was near the sliding surface. However, soil 
resistance decreased as depth increased, and there was hardly 
any soil resistance under the sliding surface on the sides of 
the model pile. After the 18th stage of loading, the variations 
in earth pressure and soil resistance changed significantly; the 
earth pressure increased sharply, which is a signal of damage.

The variations in earth pressure and soil resistance on the 
sides of double piles A and B with increasing load are shown 
in Fig. 10b and c.

With increases in lateral load, the earth pressure on the 
sides of double piles A and B varied in a similar way as that of 
single piles. The pressure below the sliding surface decreased 
gradually to zero with increases in depth. However, the soil 
resistance was considerably greater than with single piles and 

(1)Y =
X − A

10K
× 10

3

Table 2   Main parameters of material

ρ (kg/m3) E (Pa) ν c (Pa) ψ (°)

C30 2380 3 × 1010 0.25 - -
Undisturbed loess 1720 3.3 × 107 0.35 3.3 × 104 29
Shear block 1800 4 × 107 0.35 3.7 × 104 31
Reinforcement caging 7850 2.1 × 1011 0.25 - -

Table 3   The displacement 
loading in different steps

Step time 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

Displacement (mm) 0 0.05 0.09 0.102 0.243 0.489 0.826 1.258 1.576 1.978 2.483
Step time 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1.0 -
Displacement (mm) 3.723 4.917 6.472 7.378 8.52 9.732 11.506 12.77 14.165 14.983
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decreased with depth. After accumulating a certain amount of 
deformation (18th stage), the distributions of earth pressure 
and soil resistance began to change to a certain extent; pile A 
had a greater amount of change than pile B.

Bending moment

The data measured by the strain gauges were substituted into 
Eq. (2) to calculate the bending moment.

Fig. 9   Partitioning method of 
stress states of anti-slide pile. a 
Horizontal displacement incre-
ment relation curve between 
pile-top and sheared block. b 
Horizontal displacement incre-
ment on pile-tope and sheared 
block
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where M is the bending moment of the shaft of the model 
piles; E is the elastic modulus of the model pile shaft mate-
rial; I is the sectional inertial moment of the model pile; and 
B is the distance between the strain gauges in the stress and 
compression zones of the model pile shafts.

Bending moment curves of the single pile under dif-
ferent lateral loads are shown in Fig. 11a. It shows that 
in the first two stages (non-deformation and effective 
deformation), the curves are approximately S-shaped 

(2)M = EIΔ�∕B with increases in lateral load. The initial measurement 
point of the maximum bending moment was located at 
a depth of 22 cm. After the 18th load cycle, the bending 
moment curve was redistributed and the maximum point 
was shifted to 37 cm.

The bending moment curves of the double piles under 
different lateral loads are shown in Fig. 11b and c. They 
show that during the loading process, the bending moments 
of double piles A and B gradually changed from an approxi-
mate spoon-shape to an approximate S-shape. Comparing 
the bending moments of double piles A and B, it can be 

Fig. 10   Variation curves of earth pressure and soil resistance on the pile sides. a Single pile. b Double piles (A). c Double piles (B)
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seen that the bending moment of double pile B had an earlier 
redistribution and a larger extent of change.

Significantly, in the test of double piles, the displacement 
increment of double piles A and B showed a tendency for 
alternating increases under various lateral load, as dem-
onstrated in Fig. 9b, as did their bending moments. This 
phenomenon suggests that the two piles had a continual 
stress redistribution process under the lateral load. When 
lateral load was transferred to the piles by the loess, an 
intercoordination process between the two piles was appar-
ent. Double pile A was the first component to suffer fracture 
failure because of the greater lateral displacement incre-
ment, greater earth pressure and greater bending moment 
during load stage 19 (the critical stabilizing load) based on 
previous results.

Failure mode of model piles

After finishing the two groups of model tests, the broken 
piles were dug out. All model piles exhibited fracture dam-
age, some with two damage points. Figure 12 shows the 
failure mode of the model piles.

The failure modes of the single-row anti-sliding piles 
could be classified as overturn and fracture failure. Under 
the embedded and boundary condition of the prototype 
structure, the piles had a greater probability of fracture. 
This indicates that the force–deformation process observed 
in the in-situ scale model tests successfully simulated the 
basic fracture failure mode of single-row anti-slide piles 
under the embedded conditions. A similar failure mode was 
achieved as reported in Liu et al. (2011) and Li et al. (2016).

Fig. 11   Variation curves of bending moment of model piles. a Single pile. b Double piles (A). c Double piles (B)
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Comparing with laboratory model test, the in situ model 
tests designed in this paper have two advantages: (1) they 
used undisturbed loess soil around the piles to avoid the 
influence of the structural difference between undisturbed 
loess and remoulded compacted loess; (2) the slope’s grav-
ity was simulated by using a shear block as a lateral load 
transmission mass, which maintained a normal load of 
300 kPa during the shearing process.

There are also some deficiencies in the tests; for 
instance, the gravity of piles was not simulated reasonably. 
However, anti-slide piles are non-vertical-bearing and aim 
to resist lateral thrust. The gravity of the piles and the lat-
eral friction on their sides have less influence on their lat-
eral stress response than lateral load. Moreover, inevitably, 
scale model tests are also affected by the specimen size. 
Due to the small size of the model piles, the compressive 
and tensile strengths of the concrete they were made from 
were lower than those of actual piles, which could cause 
earlier fracture. However, the failure behaviors of the con-
crete (brittle fracture) and reinforcement (tensile failure) 
were the same as those of actual structures. Thus, the in-
situ model tests could adequately demonstrate the basic 
load transmission process between the loess and piles and 
the failure mode of single-row anti-slide piles.

Numerical test results

Failure mode of the piles in numerical testing

We wanted to test whether the numerical tests approxi-
mated real pile-soil interactions. The simplest method was 
to compare the failure modes of piles in the numerical and 

in-situ model tests. Figure 13 shows the pile damage pro-
cess according to numerical testing, which had the same 
boundary conditions as the two groups of in-situ model tests. 
The figure shows that the pile damage points obtained by 
numerical testing mainly started at about two-thirds of the 
pile height. With increasing lateral displacement behind the 
sheared block, another damage point occurred at about one-
third of the pile height, which had an opposing direction 
to that observed in the single-pile test but not in the test of 
double-pile tests. The most likely reason is that double piles 
had stronger resistance than single piles under the same lat-
eral displacement condition. The damage mode obtained by 
numerical testing showed a similar process to that observed 
in the in situ model tests, which indicates that the numerical 
tests were credible.

Fig. 12   Failure shape of model piles obtained by in situ model tests 
(both the single pile and double piles have two breaking-down point, 
but the single pile has a deeper breaking-down point)

Fig. 13   Damage evolvement process of piles obtained by numerical 
tests. a Single pile. b Double piles
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Soil pressure and soil resistance

The soil pressure and soil resistance values at the pile side 
at the initial phase of pressure (before or just after damage 
to the pile body occurred) obtained from numerical tests 
are plotted in Fig. 14. Figure 14a shows the results of soil 
pressure and soil resistance at the pile sides of all piles under 
the operating mode shown in Fig. 6a. Figure 14b shows the 
results corresponding to Fig. 6b. Figure 14c, d, e, and f show 
the results corresponding to Fig. 6c, d, e, and f, respectively.

As Fig. 14 shows, the earth pressure varied in an almost 
parabolic manner under all conditions. The parabola had a 
value > 0 at 0 m depth, which is different from the results 
achieved by Dai (2002). The location of the axis of sym-
metry of the landslide-thrust parabola mainly ranged from 
three-fifths to two-thirds of the depth of the loading section, 
with two-thirds being the most frequent result, especially 
under multiple-pile conditions. The soil resistance variation 
had an approximately inverted-trapezoid shape.

Derivation of earth pressure and soil resistance functions

Models of the variations in earth pressure and soil resistance 
were established according to the soil pressures and resist-
ances measured on the pile sides during the in situ model 
tests and numerical tests.

Basic assumptions  (1) The pile-side soil was treated as an 
elastic medium and the anti-sliding pile was treated as an 
elastic member; (2) the friction and adhesion of the pile-side 
soil and side of the anti-slide pile were ignored; (3) contact 
was maintained during the process; (4) the distribution of 
earth pressure was parabolic and that of the soil resistance 
was an inverted trapezoid. The models of earth pressure 
and soil resistance based on these assumptions are shown 
in Fig. 15.

Here, E is the value of landslide-thrust (earth pressure), 
and E′ is the value of soil resistance; q(z) is the distribution 
density of earth pressure with anti-sliding pile depth; p(z) is 
the distribution density of the soil resistance with anti-sliding 

pile depth; h1 is the length of the anti-sliding pile above the 
sliding surface, h2 is the length of the embedded section of the 
anti-sliding pile; z′

0
 is the distance from the pile-top to the point 

of the resultant force of the earth pressure; z0 is the distance 
from the pile-top to the point of the resultant force of the soil 
resistance; and k and k′ represent the ratio between the height 
of the resultant force and the length of the loaded segment, 
where z0 = kh1 and z�

0
= k�h1.

In the coordinate system, the lateral axis u expresses the 
horizontal displacement while the vertical axis z expresses 
depth. We define the arrow direction as the positive direction.

In brief, the derivation process was as follows. Suppose 
that a parabolic distribution function of earth pressure for a 
general case is:

According to the formula of earth pressure:

According to the properties of the axis of symmetry:

where n is a proportionality factor describing the position of 
the axis of symmetry.

The parameters of the parabola are as follows:

In the case when n=2/3, the landslide-thrust distribution 
function is:

where the value of k is estimated according to the perfor-
mance of the functional image and test results. The value of 
k ranges from 9/16 to 3/5, mostly closer to the latter.

The distribution function obtained in this study was the 
same as that of Dai (2002), so the function was given as 
follows:

(3)q(z) = az2 + bz + c

(4)∫
h1

0

(

az2 + bz + c
)

dz = E

(5)1

E∫
h1

0

(

az2 + bz + c
)

zdz = kh1

(6)z = −
b

2a
= nh1

a =
(12k − 6)E

(1 − 2n)h3
1

,

b =
(12 − 24k)E

(1 − 2n)h2
1

,

c =
(1 − 2n)E + 2(3n − 1)(2k − 1)

(1 − 2n)h1

(7)q(z) =
(18 − 36k)E

h3
1

z2 +
(72k − 36)E

h2
1

z +
E + (6 − 12k)

h1

Fig. 14   Earth pressure and soil resistance on the sides of pile in dif-
ferent conditions obtained by numerical analysis. a Earth pressure 
and soil resistance on the sides of pile under the condition of Fig. 6a. 
b Earth pressure and soil resistance on the sides of pile under the con-
dition of Fig. 6b. c Earth pressure and soil resistance on the sides of 
pile under the condition of Fig. 6c. d Earth pressure and soil resist-
ance on the sides of pile under the condition of Fig. 6d. e Earth pres-
sure and soil resistance on the sides of pile under the condition of 
Fig. 6e. f Earth pressure and soil resistance on the sides of pile under 
the condition of Fig. 6f

◂
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where the value of k′ was determined according to the results 
of the in-situ model tests and numerical tests. The value is 
also consistent with the range reported by Dai (2002), which 
was 3/10 to 2/5.

Verification of function expression

The distribution forms and functional expressions of earth 
pressure and soil resistance need to be verified before apply-
ing them to practical projects. The results achieved above 
show that change in the embedded condition of the model 
pile had almost no influence on the distribution forms of 
earth pressure and soil resistance at the pile sides. Therefore, 
verification with these results, which were obtained under 
the same conditions as the in-situ model tests, was consid-
ered sufficient.

A numerical method similar to that of Li et al. (2015) 
was used to verify the distribution function obtained in this 
study. The distribution functions of earth pressure and soil 
resistance obtained above were applied to the pile sides. To 
compare the results, three kinds of distributions were applied 
on the pile sides. They were based on the results of this 
study, the study of Dai (2002), who obtained a parabolic 
distribution earth pressure for clay and a triangular distribu-
tion of earth pressure (Fig. 16). It is worth noting that Dai’s 
distribution function is a parabola over the pile top, while 
parabola that does not go through the pile top was obtained 
by present study.

Verification method: We then reckoned the values of earth 
pressure and soil resistance based on the results of in situ 
model tests, and substituted them into the three kinds of dis-
tribution functions. The equations are shown in Table 4. The 

(8)p(z) =

(

12k� − 6
)

E�

h2
1

z +

(

4 − 6k�
)

E�

h2
1

values of earth pressure and soil resistance at the 7th and 
11th stages were selected for estimation and were obtained 
from Fig. 15b. Then, we applied the ap(z) function to the 
loaded segment of the pile side and q(z) to another side. The 
contact property of the embedded segment and loess was the 
same as for the numerical tests above.

Fig. 15   Function model of landslide-thrust and soil resistance

Fig. 16   2D numerical model in different distribution forms of lateral 
loading. a Distribution function proposed in this paper. b Distribution 
function proposed for clay by Dai. c Distribution function based on 
“m” method
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Table 4   Loading equation of 2D numerical model

Distribution from Estimate project  E (kN) E' (kN) k or k' Loading equation

Figure 16a 7th loading 15.19 6.92 k = 3∕5 q(z) = −1.4767 × 106z2 + 9.8451 × 105z + 4.5571 ÷ 104

k� = 3∕10   p(z) =  −1.4950 × 105z + 1.3704 × 105

11th loading 22.53 11.75 k = 3∕5 q(z) = −2.1906 × 106z2 + 1.4602 × 106z + 6.7593 × 104

k� = 3∕10   p(z) =  − 2.5385 × 105z + 2.3270 × 105

Figure 16b 7th loading 15.19 6.92 k = 7∕10 q(z) = 4.9230 × 105z2 + 1.6408 × 105z
k� = 3∕10   p(z) =  −1.4950 × 105z + 1.3704 × 105

11th loading 22.53 11.75 k = 7∕10 q(z) = 7.3019 × 105z2 + 2.4337 × 105z
k� = 3∕10   p(z) =  −2.5385 × 105z + 2.3270 × 105

Figure 16c 7th loading 15.19 6.92 k = 2∕3   q(z) = 2.7347 × 105z
k� = 2∕3   p(z) = 1.2458 × 105z

11th loading 22.53 11.75 k = 2∕3   q(z) = 4.0562 × 105z
k� = 2∕3   p(z) = 2.1154 × 105z

Figure. 17   Displacement of piles in different distribution forms but 
same lateral load. a Displacement curve ( E  = 15.19 kN,  E′  = 6.92 
kN). b Displacement curve ( E = 22.53 kN, E′ = 11.75 kN)

Fig. 18   Bending moment of piles in different distribution forms but 
same lateral load. a Bending moment ( E = 15.19 kN, E′ = 6.92 kN). b 
Bending moment ( E = 22.53 kN, E′ = 11.75 kN)
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Verification standard: We compared the pile body dis-
placement results produced by the different distribution 
functions with those of the pile-top of pile B at the corre-
sponding load stages (Fig. 17).

As shown in Fig. 17, under the premise of equivalent 
earth pressure and soil resistance, different displacement 
results were calculated using the three distribution forms. 
The displacements calculated with the distribution form 
proposed in this study were closest to the measured values.

The bending moments of piles according to the differ-
ent distribution forms are shown in Fig. 18. Comparing the 
shapes of the bending moment curves with those of Figs. 10 
and 11 shows that the curve calculated using the distribu-
tion form of earth pressure and soil resistance proposed in 
this study was closest to an S-shape. Therefore, according 
to the displacement and bending moment results, the dis-
tribution form proposed by Dai (2002) is not appropriate 
for loess slopes in northern Shaanxi. The bending moment 
calculated under the triangular distributed stress showed a 
D-shape but was still significantly different to the measured 
bending moment.

Conclusions and suggestions

1.	 Two groups of tests of in-situ single-row anti-slide 
pile models were developed from the field direct shear 
method. The tests confirmed that fully buried single-row 
anti-slide piles in loess slopes fail due to fracture dam-
age. During the loading process, the piles experienced 
three stages: non-deformation, effective deformation, 
and failure.

2.	 The results obtained from the in-situ model tests and 
numerical analysis indicate that the earth pressure curve 
had a parabolic shape with an axis of symmetry located 
at about 2/3 of the lateral loaded area, while the soil 
resistance curve had an inverted trapezoidal shape. The 
resultant force of earth pressure was located within 
9/16 to 3/5 of the load-bearing segment, and that of soil 
resistance was within 3/10 to 2/5.

3.	 The proposed distribution forms have good applicabil-
ity to fully buried single-row anti-slide piles installed in 
loess slopes with a potential sliding surface in northern 
Shaanxi. This was verified by contrasting the results of 
the numerical and in-situ tests. Although the parabolic 
distribution of earth pressure will approximate with trap-
ezoid on pile’s displacement and bending moment, it can 
express the earth pressure attenuation process near the 
sliding surface reasonably.
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