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Abstract: The excavation depth of foundation pits has been increasing along with the continuous development of underground space and high-rise buildings. As a result, 
traditional double-row vertical piles cannot meet the ground settlement and deflection requirements. This study proposed a double-row pile optimization method to extend 
the suitability of double-row retaining piles to greater excavation depth. The optimization model was established by adjusting the inclination angle of the front and rear piles. 
Physical scale model tests were performed to analyze the effect of the inclination angle on the pile head displacements and bending moments during excavations and step 
loadings using three schemes, namely, traditional double-row piles with vertical piles, double-row contiguous retaining piles with batter pile in the front row, and double-row 
contiguous retaining piles with batter pile in both rows. Numerical simulations were also conducted to verify the effectiveness of the inclination angle adjustment in optimizing 
the double-row piles. Results indicate that the increase in the displacement and bending moment of the double-row contiguous retaining batter piles is not evident during 
excavation and step loading when compared with those of the double-row vertical piles and the double-row contiguous retaining piles with batter pile in the front row. Thus, 
double-row contiguous retaining batter piles can be used in deep foundation pits. The tilt angle is also excessively small to reduce the lateral displacement of the foundation 
pit, and the optimal tilt angle is 8° – 16°. Although the embedment depth can influence the deformation of the double-row contiguous retaining batter piles significantly, a 
critical embedment depth may be reached. The findings of this study can provide references for the optimization of double-row piles in foundation pits. 
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1 INTRODUCTION 

At present, the excavation depth of foundation pits has 
become increasingly large along with the continuous 
development of underground space and high-rise 
buildings. Although deep excavation is temporary, 
underestimating its importance yields adverse 
consequences. The ground settlement and deflection of the 
supporting structure are the two major criteria of the 
foundation pit design [1]. Excessive ground settlement can 
affect the function of the surrounding buildings and 
pipelines, even cause collapse [2]. In addition, the presence 
of buildings, vehicles, and other forms of surcharge loading 
on the ground causes additional stress [3, 4] to the 
supporting structure, thereby increasing the deflection and 
ground settlement. The shear strength and loading path of 
soil will also affect the stability of foundation pit [5-8]. 

The double-row pile support structure is a novel 
supporting structure that is composed of a front pile, a rear 
pile, and a crossbeam. Unlike single-row piles, the lateral 
stiffness of the double-row piles is enhanced because of 
spatial effects, thereby increasing lateral resistance and 
reducing deformation. Therefore, the double-row pile 
support structure is widely used in foundation engineering 
and the excavation depth is approximately 10 m [9]; as the 
excavation depth of the foundation pit increases, the 
applicability of the double-row pile declines because of its 
large deflection and internal force, which hardly meet 
engineering requirements. Therefore, effective and suitable 
supporting structures should be developed. 

Batter piles convert a part of the load into axial 
pressure or tension when resisting horizontal load and have 
higher horizontal resistance than vertical piles [10]. 
However, batter piles are prefabricated, thereby hindering 
their application in onshore engineering. At present, batter 
piles can be driven in foundation pits, and their 
applicability in engineering gradually improved with the 
development of construction machinery [11]. As an 
alternative to single-row contiguous retaining batter piles, 

oblique-straight alternate piles have also exhibited rapid 
development [12]. However, it cannot promote the spatial 
effects fully because of the small row spacing. Therefore, 
oblique-straight alternate piles are not the optimal choice. 

The analysis shows that the traditional double-row 
vertical piles and oblique-straight alternate piles fail to 
meet the requirements of deep excavations. Few scholars 
have investigated the risky surcharge loading [4] of double-
row piles. 

This work mainly aims to investigate the effect of the 
inclination angle on the response of double-row retaining 
piles. Subsequently, the optimal pile layout is selected 
through physical scale model tests and numerical 
simulations. Three types of double-row piles, namely, 
double-row vertical piles, double-row contiguous retaining 
piles with batter pile in the front row, and double-row 
contiguous retaining batter piles, are evaluated in the 
physical scale model tests. The pile head displacements 
and bending moments during excavations and step 
loadings are measured using the displacement meters and 
strain gauges installed on the piles. Similar numerical 
examples of double-row piles are also provided to verify 
the physical scale model tests using the explicit finite 
difference software FLAC3D. The variations in the lateral 
deformation are determined through numerical simulations 
by changing the parameters, including the inclination angle 
and the embedment depth. The reasonable inclination 
angle values and some suggestions with consideration of 
the deflection are proposed for the design of double-row 
piles as a retaining structure. 

2 STATE OF THE ART 

Many scholars have performed numerous studies on 
double-row piles in foundation pits. Cao et al. [13] 
provided an equivalent truss model considering the shear 
deformation effect of soil between the piles and the pile-
soil interface friction. However, the soil pressure of this 
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model was assumed to be Rankine's Earth pressure, which 
may be different from the actual earth pressure distribution. 

Peng et al. [14] investigated the effect of row spacing 
on the double-row piles in deep foundation pits through 
physical model tests. The results showed that row spacing 
greatly affected the behavior of double-row piles. 
Moreover, the effect on the back row was greater than that 
of the front row. The optimal row spacing was 3 - 4 times 
the diameter of the pile. However, the influence of the pile 
tilt on the double-row piles was neglected. To reflect the 
pile-soil interaction thoroughly, Wang et al. [9] used 
PLAXIS3D to establish a real 3D finite element model of 
double-row piles, and their spatial effects on the entire 
foundation pit was considered. The results showed that the 
soil pressures among the piles and below the excavation 
face are close to Rankine's active and static earth pressures, 
respectively. The lateral deformation and bending moment 
in the middle of the long side of the foundation pit is larger 
than that at the corner. The surcharge loading effect, 
however, was disregarded in the model. Fall et al. [15] 
reported the application case of the double-row sheet pile 
wall in deep foundation pits near the subway lines. The 
results of the numerical calculation and field measurement 
demonstrated that the deformation of the foundation pit of 
the double-row sheet pile wall is relatively small. However, 
the corresponding internal force was not provided. 

The excavation of foundation pits and the surrounding 
structures poses mutual effects. The adjacent surcharge 
loading of the surrounding ground may increase the 
deformation of the foundation pit and even cause collapse, 
and the excavation of the foundation pit may induce 
adverse consequences, such as the tilting of adjacent 
buildings. Therefore, many scholars have analyzed the 
interaction between the excavations of the foundation pit 
and those of the surrounding grounds. With regard to the 
influence of surcharge loading on the foundation pit, Liu et 
al. [4] performed field monitoring and numerical 
simulation to study the influence of the asymmetric load of 
vehicles on deep foundation pits beside the highway. The 
results indicated that vehicular loads can seriously 
influence the response of deep excavation. However, deep 
excavation was supported by bored piles with one and 
seven levels of reinforced concrete and steel pipe struts. 
Single-row piles with a diameter of 1.2 m and a spacing of 
1.5 m, which are not economically efficient, are used in the 
project. Singh et al. [1] conducted a pseudostatic analysis 
of the settlement and deflection of cantilever sheet pile 
walls under earthquake surcharge loading using the finite 
difference software FLAC. The findings indicated that the 
deflection and settlement of these walls increase with the 
horizontal seismic acceleration coefficient and decrease 
with the increase in the distance between the surcharge 
loading and the top of the wall. This study mainly 
investigated the cantilever sheet pile wall using a 2D 
model. Nisha et al. [16] reported a deep excavation for an 
office building in Bengaluru, India to investigate the 
influence of excavation on the surrounding structures. The 
uncertainty of the construction led to the collapse of a 
foundation pit with an excavation depth of 20 m, which 
may cause large deformation to adjacent high-rise 
buildings. Therefore, necessary measures were 
implemented immediately to remedy the situation. Soomro 
et al. [17] used ABAQUS to analyze the effect of 

excavation on the adjacent loaded single floating pile 
considering the excavation depth, pile head boundary 
conditions, and working loads. However, parameters, such 
as pile length, diameter, and distance from the edge of the 
foundation pit, were not considered. Shakee et al. [18] 
studied a 2 × 2 floating pile group located adjacent to a 
deep soft clay excavation. The influences of the excavation 
depth, pile length, pile group location (from excavation), 
supporting system's stiffness, soil state and permeability, 
and working load, were investigated using a finite element 
model. The excavation depth was 20 m, and the 
underground diaphragm wall was 1.0 m thick and 40 m 
deep. A total of 10 struts were used in the project. 
However, the relationship between the deformations of the 
underground diaphragm wall and the floating pile group 
was not quantified. However, among the aforementioned 
studies, only few analyzed the interaction between the 
double-row pile support foundation pits and the 
surrounding structures. 

In the study of batter piles, Goit et al. [19] applied 
lateral harmonic loadings to the pile heads of vertica l, 5°, 
and 10° batter piles in noncohesive soil. The horizontal 
impedance functions of the inclined single piles were 
measured experimentally. However, this study focused on 
a single batter pile, and the load was applied to the pile 
head. Jeyapriya et al. [20] conducted laboratory tests to 
study the behaviour of the vertical and batter pile groups 
under the coupling effect of the vertical and lateral loads in 
sand. Similar to the previously mentioned study, the load 
was applied to the pile head. The diameter of the model pile 
was only 8 mm, and the scale effect cannot be ignored. 
Pankaj et al. [21] applied lateral, uplift, and combined loads 
to vertical and batter pile groups in a model test and 
discovered that the negative batter pile with a length-to-
diameter ratio of 38 and an inclination angle of 35° 
exhibited the largest bearing capacity under various load 
conditions. Ghazavi et al. [22] proposed an analytical 
solution to explore the static pile-soil-pile interaction of 
two pile groups, where the piles and the soil medium were 
assumed to be linearly elastic. The pile-soil-pile interaction 
coefficient was defined as the additional head displacement 
of the second pile obtained from dividing the first pile by 
the head displacement of the first pile. The results revealed 
that the interaction among the batter piles decreases with 
the increase in pile spacing and inclination. However, due 
to the assumption that the pile and soil are elastic, the 
plasticity of the latter was disregarded. Ghasemzadeh et al. 
[23] studied the interaction among batter piles; discussed
the coupling effects between axial and lateral loads; and
analyzed the influence of the batter angle, slenderness
ratio, pile spacing, pile-soil stiffness ratio, and soil
plasticity on the interaction coefficient using ABAQUS.
However, the relationship between the ultimate bearing
capacity and the inclination of the batter pile group was not
analyzed.

Few studies focused on the use of batter piles in 
foundation pit retaining structures. Seo et al. [11] 
developed a retaining structure using front supports and 
batter piles. Finite element analysis and field test were 
conducted to verify the applicability of the batter piles. The 
results showed that batter piles could control the 
displacement effectively. However, this type of structure 
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does not fully utilize spatial effects, and the bending 
moment at the top of the pile is large. 

The aforementioned studies mainly focused on double-
row vertical piles, batter piles with load at the pile head, 
and single-row inclined-braceless retaining wall. The 
studies on raking piles in foundation pits are scarce, 
especially double-row contiguous retaining batter piles. 
The present study conducted physical scale model test and 
numerical simulation to compare the behaviours of double-
row vertical pile, double-row contiguous retaining pile 
with batter pile in the front row, and double-row 
contiguous retaining batter piles. The characteristics of the 
double-row contiguous retaining batter piles at different 
inclination angles and embedment depths were also 
discussed. This work is expected to improve our 
understanding of double-row piles in deep excavations and 
provide design references to engineers. 

The remainder of this study is organized as follows. 
Section 3 presents the methodology, including the physical 
scaling model tests and numerical simulations. Section 4 
discusses the results of the tests and the simulations, as well 
as the influence of tilt angle and embedment depth on the 
behaviour of double-row contiguous retaining batter piles. 
The last section provides the summary and conclusions. 

3 METHODOLOGY 
3.1 Subtitle 1 (Writing Instructions) 

Model tests have been frequently used in geotechnical 
engineering and are important in understanding the 
complex behaviour of prototypes. Physical models are 
more preferred than full-scale field tests because of their 
flexibility and ease of application under loading 
conditions. 

3.1.1 Model Preparation 

The response obtained from the model tests is different 
from that obtained from the prototype. Thus, a set of 
scaling relations is necessary to correlate both responses. 
According to the physical scaling law, the model test 
should reflect the actual situation of the prototype. The pile 
length L, material properties (E, μ, ρ), section 
characteristics (A, I, W), internal force (M, N), section 
stress σ, and strain ε are important physical parameters in 
the simulation of pile. The pile model satisfies the 
similarity of the bending stiffness [24]. Tab. 1 summarizes 
the scaling relationships used in this study, where λ is the 
geometric scaling ratio of the model to the prototype. 
According to the size of the experimental groove (length × 
width × height = 1000 × 400 × 900 mm) (Fig. 1) and the 
scaling law, λ = 1:25. 

Table 1 Model-prototype scaling relations 
Parameters Symbol Scaling factors 

Length L λ 
Flexural rigidity EI λ5 
Strain ε 1 
Density γ 1 

The excavation depth of the prototype foundation pit 
is 10 m. The pile diameter, pile length, and distance 
between the prototype piles are 0.8, 17.5, and 2.5 m, 
respectively. After scaling, the corresponding parameters 
for the model are 400, 32, 700, and 100 mm, respectively. 
PVC pipes with outer and inner diameters of 32 and 27.2 
mm, respectively, are used as a model pile, and the hollow 
part of the pipe was filled with calcined gypsum with a 
gypsum mix ratio of 1.1:1. The calculation results 
demonstrate that the model pile satisfies the flexural 
rigidity similarity.

Figure 1 Schematic of the physical scale model (unit: mm) 

3.1.2 Model Test Device 

The test device is composed of an experimental groove, 
a loading frame, double-row model piles, and a soil 
medium. 

(1) Experimental groove. The experimental groove,
which had the dimension of 1000 (length) × 400 (width) × 
900 (height) mm, was welded using steel plates. 

(2) Loading frame. A self-designed loading frame was
equipped with guide rails to ensure that the load was 
vertically downward. 
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(3) Double-row model piles. As previously mentioned,
the model pile was simulated using a PVC pipe filled with 
plaster. Strain gauges were pasted on the outer surface of 
the model pile, and seven monitoring points were installed 
50 mm from the top of the pile with an interval of 100 mm. 
A total of 28 strain gauges were installed to monitor the 
bending behavior of the double-row piles.To ensure the 
connection validity, the front and back piles were 
connected using wooden boards with a thickness of 18 mm, 
length of 380 mm, and width of 250 mm. Plywood pieces 
with a thickness of 0.5 mm were arranged at the back of 
the front row pile to prevent the soil between the pile rows 
from being squeezed out during the test. 

(4) Soil medium. The soil media below and above the
bottom of the excavation is lateritic clay and standard 
quartz sand, respectively. The lateritic clay was excavated 
from the foundation pit of the administrative building of 
Xiamen University of Technology, whereas the standard 
sand was the International Organization for 
Standardization (ISO) standard quartz sand produced in 
Xiamen. The water content, bulk density, cohesion and 
friction angle of the lateritic clay and standard quartz sand 
are 3.5%, 15.8 kN/m3, 0 kPa, 22° and 8.2%, 18.4 kN/m3, 
30 kPa, 20°, respectively.

Table 2 Test schemes 
No. Description Row spacing at the pile 

head D / mm 
Inclination of front 

row pile α1 / ° 
Inclination of rear 

row pile α2 / ° 
Pile spacing S / 

mm 
Case 1 Conventional double-row vertical piles 100 0 0 100 
Case 2 Double-row piles with batter pile in the front row 100 8 0 100 
Case 3 Double-row batter piles 100 8 8 100 

3.1.3 Model Test Schemes 

Three model tests with different pile arrangements, 
namely, double-row vertical piles, front-row inclined 
double-row piles and double-row batter piles, were 
performed. According to previous research [13, 25], the 
cost-efficient centre-to-centre distance and row distance 
are both approximate 4 times of pile diameter. Thus, the 
pile distance in row and row distance were 100 mm, 3.3 
times of the pile diameter. The test schemes are 
summarized in Tab. 2, and the profile of the model test is 
illustrated in Fig. 2. 

Figure 2 Experimental setup with different layouts 

3.1.4 Test Procedures 

The side wall was lubricated to reduce the boundary 
effect of the experimental groove. Petroleum jelly was 
initially applied on the side wall. Then, two layers of plastic 
film with a small coefficient of friction were used as 
covers. Soil filling was performed in two sections: filling 
of lateritic clay below the bottom of the excavation and 
filling of the standard quartz sand above the bottom of the 
excavation. The lateritic clay was filled layer by layer, and 
each layer was 20 mm thick. A 2 kg rubber hammer was 
used, and the drop distance was 40 cm. The standard quartz 
sand was filled using the air pluviation method [26] and 
reproducible density was achieved. Each filling layer was 

10 mm thick, and the drop distance was 40 cm. The 
compactness of the soil in the different test schemes was 
the same. The soil was then consolidated for 2 days before 
the test. 

Figure 3 Experimental process 

The test procedure was divided into two stages. The 
first stage refers to the excavation of the foundation pit. 
The excavation depth was 400.0 mm, and the excavation 
process was completed within three times, with an 
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excavation depth of 133.3 mm each time. Manual 
excavation was implemented, and the soil near the pile was 
excavated carefully to avoid disturbance. Excavations were 
performed every 2 hours. The next stage was the step 
loading, which was performed 100.0 mm away from the 
center of the rear-row pile. The load of each stage was 0.2 
kN, and the next level was applied after the load had been 
stabilized for 60 minutes. The tests aimed to compare the 
ultimate bearing capacity of the three layouts of double-
row piles, thus, the step loads were applied until the 
double-row piles failed. The test process is shown in Fig. 
3. 

3.2 Numerical Model 

The explicit 3D finite difference code FLAC3D was 
used to explore the behavior of double-row batter piles 
further. 

3.2.1 Basis of Modeling 

The pile, the coupling beam, and the soil were 
simulated through solid elements, whereas the pile-soil 
interaction was simulated using interface elements. The 
size of the model is larger than the tested experimental 
models to avoid the boundary effects on the response of the 
piles. The size selected for the model is 2.4 × 0.4 × 1.2 m. 
The geometry and mesh of the model are shown in Fig. 4. 
The nonlinear behaviour of soil was modelled using Mohr-
Coulomb failure criteria, and the pile was modelled as a 
linear elastic material [9, 24]. The two layers of soil were 
assumed to be homogeneous and isotropic. As previously 
described, the model pile used in the tests comprises a PVC 

pipe injected with gypsum. To simplify the simulation, the 
equivalent Young's modulus for the model pile was 
adopted. The material parameters in the numerical 
simulation are listed in Tab. 3. 

Figure 4 3D mesh and boundary conditions adopted in this study 

3.2.2 Boundary Conditions and Calculation Process 

The boundary conditions adopted in this analysis are 
illustrated in Fig. 4. With regard to displacement boundary 
conditions, the gridpoints at the side boundaries of the 
mesh were constrained horizontally, whereas the 
gridpoints at the base were fixed in all directions. The top 
of the model was allowed to move in any direction. 

FLAC3D first generated the initial vertical stresses 
that were in equilibrium with the self-weight of the soil. 
After three excavations, the uniformly distributed step 
loadings were applied to the surface of the model. 

Table 3 Material parameters in the numerical simulation 
Material Young's modulus/MPa Poisson's ratio Frictional angle /° Cohesion /kPa Density/ kg/m3 

Soil (ISO standard sand) 10 0.32 22 0.05 15.8 
Soil (lateritic clay) 25 0.25 20 30 18.4 
Supporting pile 8300 0.2 - - 24.0 
Pile cap 10000 0.2 - - 20 

4 RESULTS AND DISCUSSIONS 
4.1 Experimental Results 

The lateral displacement of the pile head and the 
bending moment of the pile shaft were obtained on the 
basis of the physical scaling model test in Section 3.1. 

The pile head displacements during excavation are 
shown in Fig. 5a. The horizontal displacement in the three 
cases increased approximately linearly during excavation, 
with the fastest increases exhibited by Case 1. During the 
entire excavation process, the displacement increase rates 
in Cases 2 and 3 were smaller than those in Case 1. 

Figure 5 Curves of the lateral displacement versus the (a) excavation step and (b) vertical load for the model pile head 
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The load-displacement curve of the step loading 
process is shown in Fig. 5b. To reflect the effect of step 
loadings on the lateral displacement of the pile head, the 
pile head displacement after the excavation was set to zero. 
The curve can be divided into three stages. The first stage 
was a slow development stage. When the load is not more 
than 0.6 kN, the lateral displacements of the pile head in 
the three cases were small, and the maximum displacement 
was observed in Case 1. The second stage was the rapid 
development stage, wherein as the load increased from 0.6 
kN to 1.2 kN, the lateral displacement of the pile head 
rapidly increased. The last stage was the accelerated 
deformation stage. The lateral displacement of the pile 
head in the three conditions rapidly increased until failure. 
The failure in the three cases occurred when the load is 1.6, 
2.0, 2.4 kN, respectively. Compared with Case 1, the 
bearing capacity was increased by 25.0% and 50.0% in 
Cases 2 and 3, respectively. 

The experimental data of the bending moment were 
divided into two parts: front and rear piles, where z is the 

distance from the top of the soil. The pile moment is 
positive in compression at the near-pit side. 

The bending moments of the front and rear rows of 
piles under the third excavation are shown in Fig. 6. In 
Case 1, the bending moment of the front-row piles is the 
smallest, whereas the back-row piles have the largest 
bending moment. However, the maximum bending 
moment in the front and rear rows of the piles exhibited 
minimal difference in Case 1. The bending moment of the 
front-row piles is the largest in Case 2, which is also 
significantly larger than that of the rear-row piles. Similar 
to Case 2, the stress of the front-row piles also dominates 
Case 3. 

Considering various step loading conditions, only 
three typical ones are selected for analysis. Load P = 0.6 
kN corresponds to the end of the slow development stage, 
load P = 1.2 kN refers to the end of the rapid development 
stage, and the final one denotes the ultimate load.

Figure 6 Bending moment of the double-row piles under the third excavation 

Figure 7 Bending moment of the double-row pile under the third loading 

Fig. 7 describes the pile moment distribution at the 
third loading. The bending moment of the front-row pile 
followed an "S" shape. The bending moments above and 
below the surface were negative and positive, respectively. 
The bending moments at the top and bottom of the piles 
were small. Except in Case 3, the bending moment of the 
back-row pile was displayed as an "S" shape. In the three 
cases, the bending moment of the front-row piles is slightly 
larger than that of the rear-row piles, and the bending 
moment above the excavation surface is greater than that 
below. 

Fig. 8 shows the distribution of the pile moment under 
the sixth loading. In the three cases, the bending moment 

of the front-row pile is still larger than that of the rear-row 
pile, but the difference gradually decreased. The bending 
moments of the front and rear rows of the piles were 
distributed in an "S" shape. As previously mentioned, when 
the step load is 1.2 kN, the displacements of the pile top in 
Cases 1, 2, and 3 were 8.17, 4.42, and 3.26 mm, 
respectively. Although the bending moment of the pile in 
Case 1 is small, the displacement of the pile head is 
relatively large. 

Fig. 9 shows the distribution of the bending moment 
under the ultimate load. The maximum bending moment is 
transferred from above the excavation surface to below the 
bottom of the excavation (z = −0.45 m). The ultimate load 
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in Case 1 is 1.6 kN. In addition, the bending moment is the 
smallest, but the failure occurred first, indicating that the 
double-row piles in this case have a low resistance to 
horizontal displacement. In Case 2, the ultimate load is 2.0 
kN and the carrying capacity increased by 25.0% compared 
with Case 1. However, the bending moment substantially 

increased, indicating that Case 2 is not the optimal two-row 
pile arrangement scheme. In Case 3, the ultimate load is 2.4 
kN, and the bearing capacity increased by 50.0%. The 
maximum bending moment of Case 3 is at the medium 
level among the three conditions, implying that this case is 
the best choice among the three types of double-row piles. 

Figure 8 Bending moment of the front-row pile under the sixth loading 

Figure 9 Bending moment of the piles under the ultimate loading 

4.2 Numerical Results of the Physical Model Tests 

The load-displacement curve of the pile head and the 
lateral pile shaft displacement under different conditions 
were obtained from the numerical simulation. 

The pile head displacement of the three cases under the 
actions of excavation and step loading is shown in Fig. 10. 
The numerical results are in good agreement with those of 
the model tests. 

Figure 10 Comparison of the pile head displacement obtained from the experimental and numerical results under the (a) excavation and (b) step loading processes 

The displacement of the pile shaft under the actions of 
excavation and step loading is shown in Fig. 11 and Fig. 
12. During the third excavation, the displacement is the
largest in Case 1, followed by those in Cases 2 and 3.
Notably, the maximum displacements in the three cases
were observed at the pile head, z = −0.25 m (middle part

above the excavation lever), and z = −0.35 m (low part 
above the excavation lever), respectively.  

The displacement further increased when the step 
loading was 1.6 kN. The displacement in Case 1 is still the 
largest, followed by Cases 2 and 3. The largest 
displacement in Case 1 was observed at the pile top, 
whereas those in Cases 2 and 3 were at the same positions 
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as before. The double-row contiguous retaining piles with 
batter pile in front row and double-row contiguous 
retaining batter piles have smaller displacements than the 

traditional double-row vertical piles, but the position of the 
maximum displacement moved downward from the pile 
head. 

Figure 11 Lateral displacement of the pile shaft under the third excavation 

Figure 12 Lateral displacement of the pile shaft under the eighth loading 

4.3 Effect of the Inclination Angles 

To investigate the effect of the inclination angle, four 
numerical double-row batter piles with different tilt angles 
(0°, 4°, 8°, and 16°) are inputted in the numerical 
simulation. The vertical pile has an inclination angle of 0°. 
A step loading of 1.6 kN was applied to the soil surface. 

The lateral displacements of the front and rear rows of 
piles at different inclination angles are shown in Fig. 13. 
As the inclination angle increases, the displacement greatly 
declined. However, when the inclination angle increased 
from 0° to 4°, the displacement slightly decreased. The 
optimal tilt angle is 8° - 16°. 

Figure 13 Comparison of the pile shaft displacements under different inclined angles

4.4 Effect of Embedment Depth 

To investigate the effect of embedment depth, five 
numerical double-row inclined piles with different 
embedment depths (200, 250, 300, 350, and 400 mm) are 
simulated. The inclination angle and the load are 8° and 1.6 
kN, respectively. 

The lateral displacements of the front and rear rows of 
the piles at different embedment depths are displayed in 
Fig. 14. The embedment depth in the benchmark model is 
300 mm. When the embedment depth increased from 300 
mm to 350 mm, the maximum displacement of the front 
and back rows of piles mildly decreased but the 
displacement distribution changed. The lateral 
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displacement of the pile was almost unchanged when the 
embedment depth reached 400 mm. When the embedment 
depth decreased from 300 mm to 250 mm, the 

displacement of the piles significantly increased. When the 
displacement further decreased to 200 mm, the 
displacement increment became substantial. 

Figure 14 Influence of embedment depth on the lateral displacement of the (a) front and (b) rear piles under the eighth loading 

5 CONCLUSIONS 

To investigate the effect of inclination angle on 
double-row contiguous retaining piles under the actions of 
excavation and step loading, this study combined 
experimental model test and numerical simulation to reveal 
the static response of the piles. Three schemes, namely, 
double-row vertical piles, double-row contiguous retaining 
piles with batter pile in the front row, and double-row 
batter piles, were compared. The effect of the embedment 
depth was also discussed. The conclusions obtained from 
the analysis are drawn as follows. 

(1) During excavation and step loading, the increase in
the displacement of the double-row contiguous retaining 
batter piles is the slowest, and the bending moment of the 
pile shaft is small. Compared with traditional double-row 
vertical piles and double-row piles with batter pile in the 
front row, double-row contiguous retaining batter piles 
have certain advantages and can be used in deep excavation 
engineering. 

(2) The inclination angle can influence the lateral
displacement of the pile shaft noteworthy. The optimal dip 
angle is 8° - 16°. 

(3) The embedment depth can influence the lateral
displacement of the pile significantly. However, the 
embedment depth should not be too large, there is a critical 
embed depth. 

(4) The three types of piles can be arranged as follows:
double-row contiguous retaining batter piles > front-row 
inclined double-row piles > conventional double-row 
vertical piles. 

Considering the lack of data from field monitoring, 
double-row contiguous retaining batter piles should be 
promoted to actual engineering in a future study. 
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