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The existing Beijing Pingguoyuan Subway Station was extended through a
extension project. The excavation for the extension was located directly
above the existing station. Complex interactions exist between the existing
structure and the retaining pile wall of the excavation. Based on this project,
three-dimensional finite element models were established to investigate the
mechanical characteristics of the embedded and non-embedded retaining pile
walls. A parametric analysis was performed for both types of pile walls. The
stress and deformation characteristics of the retaining pile walls and existing
structures were analyzed. The results show that when the bottom of the non-
embedded retaining pile walls are connected to the existing structure, the uplift
of the existing structure is essentially constant; however, the maximum
displacement of the pile is increased by approximately 2.7 times, and the
bending moment of the pile is reduced to 57.1% of the connection
condition. As the distance between the embedded retaining pile wall and
the existing station increases, the uplift of the existing station increases
linearly, whereas the soil between the pile and the station exhibits a non-
linear increasing trend. The displacement of the embedded retaining pile wall
increases as the inner force decreases. When the distance is greater than 4.7 m,
the displacement and force of the pile remains essentially unchanged. The
effect of the pile embedded depth on the force and deformation of the pile is
mainly observed in the lower part of the pile. As the embedded depth increases,
the maximum displacement decreases by approximately 16.9%, the maximum
bending moment decreases, and the maximum negative bending moment
increases. The key contribution of this research is to provide a prediction
method for the mechanical behaviors of a expansion project. The findings
from the study also provide industry practitioners with a comprehensive guide
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regarding the specific applications of the construction technology of a deep
excavation structure overlying an existing subway station.

KEYWORDS

subway station, extension excavation, mechanical behavior, numerical simulation,
parametric analysis

Introduction

The National Innovation-Driven Development = Strategy,
recently proposed by China, has highlighted the need for
network-based development of underground spaces to fulfill
modern city development needs (Cui and Nelson, 2019; Cui
et al, 2021; Li et 2022).  Consequently,
improvements in construction methods and the emergence of

al,, constant
new technical solutions have facilitated the expansion of many
domestic underground projects (Song et al., 2020b; Huang et al.,
2021). In particular, the expansion of subway stations through the
addition of new superstructures to existing underground structures
has proven economically advantageous (Xu et al., 2020; Liu et al,
2022). However, in the case of such expansion projects, large-scale
excavation and the consequent unloading significantly impacts the
existing subway structure. Moreover, because part of the retaining
wall structure of the deep excavation is connected to the existing
subway structure, its mechanical behavior and effect on the
surroundings differ from that of a conventional deep excavation.
Therefore, the expansion process involves more complex design and
construction methods than those required for conventional deep
excavations of adjacent structures. In this context, limited research
has been conducted on the expansion of existing underground
structures. In particular, more research and in-depth analyses are
required to elucidate the mechanical interaction between the deep
excavation of the superstructure and the existing underground
structure because such investigations can provide a more
comprehensive theoretical basis for this type of construction project.

As early as the 1970s and 1980s, Peck and Clough et al.
(Peck, 1969; Clough and O’Rourke, 1990) summarized the
common types of deformation of deep excavations based on
their analysis of various observation results. Moreover, they
conducted a comparative analysis of the surface subsidence
trends of different retaining walls, and ultimately proposed an
empirical curve for predicting the amount and range of
surface subsidence. Based on a comparison of the results
obtained from finite difference numerical simulations and
extreme equilibrium methods, Zheng et al. and Zhao et al.
(2018) (Gangetal.,2017; Han et al., 2017) analyzed the failure
mode of deep excavation and the beneficial effects of
foundation piles on excavation stability. They indicated
that the failure mode of a deep excavation is similar to that
of a circular slip surface. In addition, the findings
demonstrated that foundation piles effectively restrict the
expansion of the plastic shear zone of the deep excavation.
However, most of aforementioned studies focused on deep
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excavations at sites with few surrounding structures. In
actuality, the complex interactions between deep excavation
and existing structures are significant and require needs
further study. Han et al. (Han et al, 2020) established a
finite element model using the PLAXIS program to analyze
the effects of constructing a deep excavation adjacent to
shallow buried-foundation structures on the deformation of
the retaining structures of the deep excavation and adjacent
structures. They presented the primary and secondary
influence zones behind the retaining structure of the deep
excavation based on the potential failure zone. Zhou et al. and
Cheng et al. (Zelin et al., 2015; Caide et al., 2017; Kang et al.,
2020) analyzed the impact of deep excavation construction on
the uplift deformation of an existing subway tunnel. A method
for calculating the additional stress in an adjacent tunnel
caused by deep excavation construction and dewatering was
proposed. Some researchers (Tan and Lu, 2018; Masini et al.,
2021) studied the field performance of deep excavations with
short distances with the existing structures through case
studies. The researches on the deep excavation adjacent to
the existing structures have well proven that the deep
excavation has significant interaction with the adjacent
existing structure. However, these studies focus on the
cases that there is a distance between the deep excavation
and the existing structure. The mechanical behaviors of deep
excavations for expansion project need further investigations.
Thus, the expansion project of Pingguoyuan Subway Station,
part of the West Extension Project of Beijing Subway Line 6, was
researched as a case study. A parametric analysis of the primary
parameters of the embedded and non-embedded piles of the deep
excavation was conducted. The mechanical behaviors of the
retaining pile walls of the deep excavation and t adjacent
existing subway station under different parameter conditions
were revealed. As a study outcome, the optimal parameters
influencing the deep excavations of an expansion project are
recommended. We believe that the results of this study can
provide theoretical guidance for similar expansion projects.

Beijing subway station expansion
project

Project overview

The Pingguoyuan subway station (see Figure 1A), newly built
along Beijing Subway Line 6, was constructed below the existing
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structure of Beijing Subway Line 1 with the two lines crossing at an
oblique angle of 70°, which was shown in Figure 1B. The station’s
main structure was constructed using the pile-beam-arch (PBA)
and open-cut methods. The two expansion sections are located on
the eastern and western sides of the existing Subway Line 1 (see
Figure 1C). As part of the expansion project, the second and third
underground levels were constructed using the PBA method, while

10.3389/feart.2022.1079837

the first underground level was constructed using the open-cut
method, which was for transfer between the two lines. The first
underground level was constructed after the construction of the
second and third underground levels completed. The two deep
excavations for the expansion structures had the same dimensions
of 39.8 m long (east to west), 27.9 m wide (north to south), and
12.2 m deep. The retaining wall of the deep excavations consisted

The People's Republic of China

Beijing City

A: Main Urban Area
B: Shijingshan District

Subway Line 6
Subway Line 1
Construction site

/=

FIGURE 1

Pingguoyuan subway station layout.
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Pingguoyuan subway station layout.

The diagram of Beijing Subway Station expansion project. (a) The location of the expansion project; (b) Three-dimentional model; (c)
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FIGURE 2
Plan view of the deep excavation structure.

of 1 m-diameter bored piles positioned at a spacing of 1.6 m and
three levels of struts. In addition, a 100 mm layer of mesh-
reinforced shotcrete was used to reinforce the space between
the piles. The corner struts of the first level were concrete struts
with cross-sectional dimensions of 0.6 m x 1 m, and the remaining
struts were designed as steel pipe struts with a diameter of 0.8 m
and a thickness of 16 mm.

10.3389/feart.2022.1079837

Deep excavation retaining structure

Considering that the excavation was located above the existing
station structure, the retaining piles on the eastern and western sides
of the deep excavation were positioned directly above the existing
structure. Thus, the piles in these areas were end-suspended piles
(hereafter referred to as “non-embedded piles,” NEP). The piles on
the northern and southern sides of the deep excavation were
embedded into the soil at a certain depth. These piles (hereafter
referred to as “embedded piles,” EP) were adjacent to the side walls
of the pilot tunnels of the existing station structure. The minimum
distance between an embedded pile and the pilot tunnel wall was
0.2 m. The different retaining structures are denoted as follows: A
indicates a NEP, B indicates an EP, L1-L3 indicate the three
respective levels of struts, and H, denotes the excavation depth
of the deep excavation, as shown in Figures 2, 3.

To ensure the deep excavation was stable, the bottom of the
NEP was connected to the existing structure. When the bore hole
reached the pilot tunnel of the existing station, a pneumatic drill
was used to remove a 200 mm thick concrete layer from the pilot
tunnel. By destroying part of the concrete of the pilot tunnel, the
reinforcement was exposed. Subsequently, the bottom of the
reinforcement cage of the piles and the exposed reinforcement
of pilot tunnel structure were welded. And then, the pile concrete
was poured into the pile holes. Based on aforementioned
treatment, the non-embedded piles were embedded into the
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FIGURE 3
Profile of the deep excavation structure (AA" in Figure 2).
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FIGURE 4
Connection between the retaining pile and primary lining of the pilot tunnel.

W i

FIGURE 5
Profile of the deep excavation structure (B—B’ in Figure 2).

pilot tunnel (see Figure 4). In addition, to ensure the ground
behind the non-embedded piles was stable, the ground was
reinforced with a 3-m thick grout layer behind the piles, from
the bottom of the deep excavation to a depth of 3.7 m below the
ground surface (see Figure 5).

Horizontal deformation of the retaining
piles

In this study, the horizontal displacement of the retaining
piles was observed in situ using inclinometers inside the pile wall.
Observations from the inclinometers of retaining piles A2 and
B1 were selected for the analysis. Figure 6 shows the horizontal
displacement curves for piles A2 and B1. Figure 6A shows that
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the horizontal displacement at the bottom of the non-embedded
pile (A2) is equal to zero, thereby indicating that the connection
between the pile bottom and the existing structure effectively
limited pile bottom the deformation. A comparison of Figures
6A,B reveals that the horizontal displacement of the EP was
smaller than that of the NEP. Grouting reinforcement effectively
reduced the displacement of the piles. For both types of piles, the
maximum horizontal displacement occurred after the third level
of struts was removed. The maximum horizontal displacement
was approximately 4.50 mm, which is approximately 0.037% of
the excavation depth of the deep excavation. These results
indicate that the connection between the pile bottom and
primary lining structure of the pilot tunnel, grouting
reinforcement, and strut supports effectively restrained the
pile deformation.
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55m

FIGURE 7

Finite element model of the deep excavation above an

existing structure.

Pile reinforcement

FIGURE 8

Retaining pile

Model of the retaining structures of the deep excavation.

TABLE 1 Mechanical properties of the model materials.

Materials

Cap beams, concrete struts
Retaining piles

Primary lining

Station structure

Steel pipe columns
Grouting reinforcement

Steel struts

Frontiers in Earth Science

Unit weight y (kN/m?)

24

24

24

25

25

20

78

10.3389/feart.2022.1079837

Numerical model of the deep
excavation of subway extension
project

Model establishment

According to the available literature (Xiaogang, 2016), when
a pile bottom is not embedded, the range of influence of the deep
excavation on the surroundings is approximately 1.5H.. Based on
this value and a certain extent of expansion, the boundary of the
numerical model was set as 3.3He in the horizontal direction and
2H. in the downward vertical direction from the station
structure. Thus, the dimensions of the finite element model
were set as 119 x 105 x 55m (see Figures 7, 8). The
boundary conditions of the numerical model include the
stress and seepage boundaries (Yingren and Shangyi, 2005;
Yong and Jianyong, 2005; Zhou et al, 2021; Wang et al,
2022). However, the groundwater level was located 10.4 m

Young's modulus E (MPa) Poisson'’s ratio »
30000 02
24000 02
20400 02
32500 02
34500 03
100 03
210000 0.3
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qq - Progressive shear stress
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Axial strain- £;
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FIGURE 9

Hyperbolic stress—strain relationship under primary loading in a standard drained triaxial test.

-

TABLE 2 Mechanical properties of different soils.

Materials E% (MPa) Er) (MPa)
Silty clay 165 - 0.3 8 10 12 12 48

Gravel® 170 - 0.26 0 25 20 20 60

Gravel ® 21 — 0.26 0 40 50 50 150

Gravel® 215 — 0.26 0 2 70 70 210

Gravel ® 215 - 0.26 0 45 100 100 300
Sandstone 283 1000 035 100 35 - — -

below the bottom surface of the existing station. Therefore, the
seepage was not considered in the numerical model. The top
surface of the model was a free surface with no constraints. The
lateral surfaces were constrained in the horizontal direction, and
the bottom surface was constrained in the horizontal and vertical
directions. After considering the weight of the modeled materials,
the construction loads around the deep excavation were adopted,
with a uniformly distributed load of 20 kPa in the range of
2-10 m behind the retaining piles.

Parameter determination

In the numerical model, different elements were selected to
represent the mechanical characteristics of the various materials.
The soil materials and existing station were modeled using solid
elements, and the primary lining structure of the pilot tunnel was
modeled using plate elements. The retaining pile walls, cap
beams, concrete struts, and steel pipe columns were modeled
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using beam elements (Song et al., 2020a; Chen et al., 2021). The
steel struts were modeled using truss elements. The mechanical
characteristics of the grouting reinforcement area were simulated
by modifying the element attributes of this area between the soil
and grout-soil mixture. A linear elastic constitutive model was
used to simulate the materials, except for the soils. The primary
mechanical properties of the materials used in the model are
listed in Table 1.

It is established that deep excavations involve the unloading of
large volumes of soil, and therefore, the deformation behaviors of
deep excavations are sensitive (Shuling et al., 2008). Therefore, the
silty-clay and gravel soil in the numerical model were simulated
using the Hardening Soil (HS) model. According to the PLAXIS
user manual, the HS model is a more advanced soil model for
different soil behaviors than the Mohr-Coulomb (MC) model,
which adopts a hyperbolic stress—strain representation for soils
(see Figure 9). The stiffness parameters in the HS model consist of

B, EX and B
defined as the secant, oedometer, and unloading-reloading

three stress-dependent stiffness parameters,
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Comparison of the observed and calculated horizontal
displacement curves of retaining pile A2.

ref

stiffness modulus at the reference pressure p*, respectively. The
modulus in the in situ stress state is automatically calculated as a
function of that in the reference stress state (e.g. Eq. 1).
gl _ g cXcos¢— a;sin(p
0T 0 e x cos ¢ + pref sin

1)

As shown in Figure 3, the soil surrounding the subway station
was mainly composed of gravel. According to the PLAXIS user
manual and empirical values (Khoiri et al, 2014; Han et al.,
2020), the stiffness parameters of the gravel and silty clay are
expressed as 3 E;z; =3 ng,f =E and 2 E =2 Eggf =B,
respectively. In addition, based on the inverse analysis of
displacement, the ng,f was set equal to 3 Es (Ep). Other
of
consolidation tests. Sandstone was modeled using the MC

parameters soils were obtained from triaxial and
model. The parameters of MC model for sandstone were
obtained from uniaxial compressive strength test and direct
shear test. The mechanical properties of the different soil
types are listed in Table 2.

The case study consists of two parts: the PBA method for
the second and third underground levels of the subway station
and the open-cut method for the first underground level of the
subway station overlying the The
development of the sequence model consisted of 23 steps.

Among these steps, the PBA method included pilot tunnel

existing structure.

excavation, primary lining construction, column installation,

tunnel arch construction, soil excavation, and station
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the PBA method was
developed, the model displacement was

structure construction. Once
set to zero.
Subsequently, the open-cut method was developed, and
included grouting reinforcement, retaining pile installation,

soil excavation, and strut installation.

Model Validation

The parameters of the model were calibrated to verify its
accuracy and reasonableness. Figure 10 shows the measured
and calculated horizontal displacement curve of NEP
A2 when H. was 12.2m. As shown in Figure 10, the
results of the finite element analyses appear to provide
reasonable agreement with the inclinometer observations.
The
displacements

calculated and measured horizontal
1.41

Moreover, the location of the calculated and observed

maximum

were and 1.89 mm, respectively.
maximum values was at an approximate depth of 4m
below the ground surface. Based on these comparisons, the
accuracy of the finite element model in predicting excavation
behavior, such as the deformation of piles and the
surrounding soils, was verified. Thus, the numerical model

satisfies the requirements of this study.

Influence of connection joints of
non-embedded piles

In the open-cut excavation process, parts of the deep
excavation retaining pile wall will inevitably be constructed
atop the existing structure, resulting in the piles in this area
being end-suspended piles. For end-suspended piles, the
connection treatment of the pile bottom is important to
maintain the stability of the deep excavation. Therefore, the
connection joint at the pile bottom was analyzed to determine
the pile bottom connection treatment on the mechanical
response of the retaining wall piles and the deformation of the
existing structure. According to the results of the finite element
model, four construction sequences, that is, excavation depths of
4,8.7,and 12.2 m and the removal of the third level of steel struts,
were analyzed.

Vertical deformation of the existing
structure

Figures 11A,B show the uplifts at the bottom of the deep
excavation along the transverse and longitudinal directions,
respectively. As shown in Figure 11, during the construction of
the deep excavation for the expansion above the existing structure,
the base of the deep excavation was uplifted regardless of whether
the pile bottom and existing structure were connected, and the

frontiersin.org
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Comparison curves of the excavation base uplift. (a) The excavation base uplift along the transverse direction; (b) The excavation base uplift

along the longitudinal direction.

amount of uplift was essentially identical. These findings are
consistent with those of previous studies. The uplift at the
bottom of the deep excavation was mainly caused by soil
rebound owing to excavation-induced unloading (Guobin et al,
2000). The uplift of the deep excavation bottom was not dependent
on the pile bottom connection to the existing structure.
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Horizontal deformation of the retaining
piles

Figure 12 shows the horizontal displacement curves of pile

A3 at various stages of construction where the pile bottom was
either connected to or unconnected to the existing station
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The maximum displacement of the pile and its location

Comparison of the horizontal displacement curves of non-embedded pile A3. (@) He = 4 m; (b) He = 8.7 m; (c) He = 12.2 m; (d) The maximum

displacement of the pile and its location.

structure. As shown in Figure 12, for shallow excavation depths,
the pile bottom connection to the existing structure barely affected
the horizontal displacement of the pile. This is mainly because the
soil in the passive zone behind the piles has a restraining effect
(Zihang, 2002) that limits the horizontal displacement of the
When H, was 122m, the
displacement of the pile increased significantly, with a

retaining piles. horizontal
maximum displacement of approximately 1.89 mm occurring at
the pile base. This is because the pile bottom was not connected to
the existing structure, causing kick-out failure to occur around the
second level of struts (Jun et al., 2008). Finally, when the third level
of struts was removed, the horizontal displacement increment was
greater when the pile bottom was unconnected to the existing
structure. Compared with connected and unconnected cases, the
maximum displacement difference was 2.02 mm. The maximum
displacement of the piles without connection joints was
approximately 2.7 times that of the piles with connection joints.
After removing the third level of steel struts, the pile was no longer
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1

restrained below a depth of 4m, causing an increase in the
horizontal displacement of the pile. At this time, the maximum
displacement of the pies without connection joints was
approximately 2.82 mm, located at a depth of 8.7 m. Thus, the
maximum displacement position moved upward.

Figure 12D shows the cures of the maximum displacement
Smax Of the pile and its location H,,,,. The maximum displacement
of connected pile S,,,, increased non-linearly with the increase of
the excavation depth. For unconnected pile, the maximum
displacement of the pile was almost unchanged and the
maximum displacement occurred at the pile head.

Mechanical behaviors of the retaining piles
Figure 13 shows the bending moment variations of pile A3 at

various stages of construction when connected and unconnected
to the existing structure. Figure 13 demonstrates that at all four
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stages of construction, the bending moment curves of the
connected and unconnected piles were similar. When the
non-embedded pile bottom was unconnected to the existing
structure, the bending moment at the pile bottom was zero.
In this case, the rotation of the pile base was not constrained;
therefore, the positive and negative bending moments of the pile
without connection joints were smaller than those of the piles
with connection joints. For the cases of H, = 8.7 m H, =12.2m,
and after the third level of struts was removed, the maximum
bending moments of the unconnected pile were 57.1%, 56.9%,
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and 78.9% of the connected pile, respectively, thereby indicating
a significant reduction in the bending moments.

Figure 14 shows the shear force curves of pile A3 when
connected and unconnected to the existing structure at different
construction stages. As shown in Figure 14, at all four stages of
construction, the shear force curves of the connected and
unconnected piles were similar. As the excavation depth
increased, the shear force distribution was similar to that of a
continuous beam, although a sudden change occurred at the strut
position. Similar to the bending moment curve, when the pile was

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1079837

Han et al.

A 0 T T T S L1 T
o
2 -
N
aF f Bottom
TSR
\E %
S6r
+
o,
)
a St
10 F '-
12 ]
|—=— Connected pile
" --0-- Uncopnected pile | .
-300 -200 -100 0 100 200 300
Shear force/kN
H.=4m
B
0 T T T T e 1
on L1
2 - >.
A - L2
e
=6
+
Q
&
8T Bottom
74
10
12 i
|—=— Connected pile
1q 25~ Unconnectedpile , , |
-300 -200 -100 O 100 200 300
Shear force/kN
H,=87m

FIGURE 14

10.3389/feart.2022.1079837

- 1
o L1
2t )
=
=6r
B
o, Sy
@ .
S gl —_::n
S —
=1 "
101 \t\'\.
12t i
—=— Connected pile 7“7 Bottom
--0-- Uncopnected pile |

14
-300 -200 -100 O

100 200 300
Shear force/kN
H.=122m
0
2 -
4 -
E
=67
e
o,
%)
a St
10
12+ i
[—=— Connected pile 77
--0-- Unconnected pile

14
-300 =200 -100 O 100 200 300
Shear force/kN

Third level of steel support removed

Shear force curves of non-embedded pile A3. (a) He = 4 m; (b) He = 8.7 m; (c) He = 12.2 m; (d) Third level of steel support struts removed.

unconnected to the existing structure, the shear force was
approximately zero within 3 m of the pile bottom.

According to the analysis, when the non-embedded pile was
not connected to the existing structure, the displacement was
greater and the the
approximately zero within 3 m of the pile base. The analysis
shows that when a pile bottom is unconnected to the
existing structure, the lateral earth pressure behind the pile is
released through pile deformation, thereby decreasing the stress on
the pile.

stresses were smaller; stress was
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Parametric analysis of embedded
piles

Considering that the EPs in the deep excavation of the
expansion are adjacent to the existing station, their stress
characteristics differ from those of a conventional deep
excavation. In this case study, the clearance between the
EPs and the pilot tunnel of the existing station is only
0.2m. Therefore, the retaining structure of the deep
excavation and existing structure will affect each other
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significantly. In this section, the influence of the distance
between the EPs and pilot tunnel wall is investigated using
numerical analyses (see Figure 15). The distance between the
EP Bl and the existing structure was defined as the pile
proximity distance, Lp. The stress and deformation of the
deep excavation and retaining piles were analyzed by
comparing the different L, values. Based on the case
history, the Lp (center distance) values of 0.7, 2.7, 4.7, and
6.7 m were selected for this analysis.

Vertical deformation of the existing
structure

Figure 16A shows the uplift at the bottom of the deep
excavation with various Lp values along the transverse
direction. Because the excavation width varies for different Lp
values and to facilitate a comparison of the different curves, the
center lines of the deep excavations for different cases are shown
in Figure 16A. The yellow dashed lines indicate the positions of
the sidewalls and centerline of the existing structure. Figure 16B
shows the variation in the maximum uplift of the deep excavation
bottom for various Lp values. According to the different
characteristics of the excavation uplift for different Lp values,
the uplift along the transverse direction was divided into two
parts: the existing station structure and surrounding soils outside
the structure.

As shown in Figure 16A, for the existing station structure, the
shape of the uplift curve did not change significantly with Lp. As
Lp increased, the maximum uplift increased linearly (see
Figure 16B). When Lp was equal to 0.7 and 6.7m, the
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maximum uplift values in the existing station structure were
9.80 and 11.80 mm, respectively, corresponding to an increase of
approximately 20.4%, indicating that the maximum uplift
increased by 0.33 mm for every 1 m increase of Lp. For the
surrounding soils outside the structure, the uplift values were
large in the center and small at both ends of the curve. As Lp
increased, the maximum uplift increased non-linearly and
gradually flattened. When Lp was equal to 0.7 and 6.7 m, the
maximum uplift values in the surrounding soils outside the
structure were 4.40 and 15.50 mm, respectively, corresponding
to a significant increase of 2.5 times. As Lp increased, the
restraining effect of the retaining wall piles and existing
station structure on the uplift weakened, and thus, the uplift
increased. Thus, the lower the Lp value, the more stable the
excavation bottom. Considering the limited space at the
construction site, it is advisable to reduce the pile proximity
distance Lp to 0.2 m.
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Horizontal deformation of retaining piles

Figure 17 shows the horizontal displacement of pile B1 for
various L, values. As shown in Figure 17, when the excavation
depth is shallow, the influence of the L, values on the horizontal
displacement curve is insignificant. When H, is 8.7 and 12.2 m
and Lp increases from 0.7 to 4.7 m, the maximum horizontal
displacement of the pile increases by 0.37 and 0.82 mm,
respectively, an increase of 21.8% and 39.4%, respectively.
When L, increases from 4.7 to 6.7m, the horizontal
displacement remains practically unchanged. According to the
aforementioned analysis, as Lp increases, the restraining effect of
the existing station structure on the displacement of the EPs
weakens, resulting in an increased displacement at the pile

bottom. When Lp increases to a certain distance, the
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effect Therefore, the horizontal

displacement of the pile tends to stabilize.

restraining ceases.

Figure 17D shows the cures of the maximum displacement
Smax Of the pile and its location H,,,. As shown in Figure 17D,
the Syax values and H,,,, values increased almost linearly with
the increase of the excavation depth. The distance L, could
influence the location of the maximum displacement. The
Hax values increased with the increase of distance Ly,.

Mechanical analysis of the retaining piles
Figure 18 shows the bending moment of pile B1 for various

L, values. As shown in Figure 18, the shape of the bending
moment curve was barely affected by L,. The effect of L, on the
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bending moment was primarily observed at the bottom part of
the pile. As Lp increased, the negative bending moment
decreased and the positive bending moment increased.
Similar to the effect on horizontal displacement, the change
in the bending moment was insignificant as L, increased. A
further increase in L, beyond 4.7 m had practically no effect
on the bending moment.

Based on this comprehensive analysis of the horizontal
displacement and bending moment characteristics at various
L, values, as the L, values of the embedded pile decreased, the
restraint of the existing station structure on the pile increased,
resulting in a decrease in the horizontal displacement of the pile
and uplift of the deep excavation bottom. Therefore, we
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recommended that, considering the construction space, the L,
value be minimized to the maximum possible extent.

Effect of embedding depth of
embedded piles

For the case study, the distance between the embedded piles
and the wall of the existing station was set as 0.2m. The
embedment depth of the piles significantly affected the
stability of the deep excavation. Thus, the embedment depth
parameter Hp was analyzed (see Figure 19). The effects of the
embedment depth on the mechanical behaviors of the retaining
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piles were analyzed using FEM. The embedment depths used in
the analysis were set as Hp = 1, 2, 4, 6, and 8 m.

Horizontal deformation of retaining piles

Figure 20 shows the horizontal displacements of pile
BI1 for various Hp values. As shown in Figure 20, at shallow
excavation depths, the embedment depth had little effect on
the horizontal displacement of the pile. For the case of the third
level of struts of the deep excavation being removed, when H,,
increased from 1 to 4 m, the maximum horizontal displacement
of the pile decreased from 5.08 to 4.22 mm, corresponding
to a decrease of approximately 16.9%. As H,, continued to
increase beyond 4 m, the horizontal displacement remained
practically unchanged. As H,, increased, the restraint of
the existing station structure on the bottom of the embedded
pile increased; therefore, the horizontal displacement at the
pile bottom was limited. After H, increased to a certain
depth, the restraint of the existing structure ceased to increase,
and the deformation of the pile tended to be constant.

Figure 20D shows the cures of the maximum displacement
Smax Of the pile and its location H,,y. As shown in Figure 20D,
the Sax values and H,,,,, values increased with the increase of the
excavation depth. The embedment depth of the pile Hj, has little
influence on the S, and H,y.
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Mechanical behaviors of the retaining piles

Figure 21 shows the bending moments of the embedded piles
with various H,. values. As shown in Figure 21, the embedment
depth had no effect on the bending moment of the embedded
pile. When the excavation depth was shallow, the H,, barely
affected the bending moment. When the third level of struts was
removed, H, primarily affected the bending moment at the
bottom of the pile. When H, increased from 1 to 4 m, the
positive bending moment of the pile decreased, and the
negative bending moment increased. After H,, exceeded 4 m,
the bending moment remained constant, and the bending
moment of the pile below a H;, of 5m was negligible.

Based on this parametric analysis of the embedment depth,
the findings indicate that as the embedding depth increases, the
horizontal displacement of the pile decreases and the bending
moment increases, which is conducive to the stability of the deep
excavation. When the embedding depth exceeds a certain value
(H, > 4 m), the horizontal displacement and stress of the pile
remain practically constant. Therefore, the optimal embedment
depth for similar project is 4 m.

Conclusion

In this study, the case history of the Pingguoyuan subway station
expansion project of Beijing Subway Line 1 was investigated. A series
of numerical investigations were conducted to simulate the dynamic
construction process of deep excavations overlying existing
structures. The complex interactions between the retaining
structures of the deep excavation and existing subway structures
were analyzed. This lays a theoretical and technical foundation for
optimizing the design method and construction measures for
complex expansion project and innovating engineering
applications. The following conclusions are drawn:

1) Regardless of whether or not the non-embedded piles were
connected to the existing structure, the shape and magnitude of
the uplift curve of the deep excavation bottom were negligibly
affected. However, when the embedded piles were unconnected,
the horizontal displacement significantly increased at different
construction stages, with the maximum displacement increasing
by approximately 2.7 times that of the connected piles. Meanwhile,
the maximum displacement position moving upward. Thus, the
connection treatment of the pile base and grouting reinforcement
behind the pile had a good reinforcement effect.

2) When a non-embedded pile was unconnected to the
existing structure, the bending moment and shear force of
the pile were reduced by varying degrees at all construction
stages. In particular, the bending moment and shear force
within 3 m of the pile bottom base were approximately zero.
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The bending moment of the pile was significantly reduced
compared to that of the unconnected pile. The maximum
bending moments of the unconnected pile are approximately
56.9%-78.9% of that of the connected pile. These findings
indicate that the deformation of the unconnected pile releases
the earth pressure behind the pile, which is not conducive to
the stability of the deep excavation.

3) As the proximity distance Lp of the embedded pile increased,
the maximum uplift in the existing station structure part
increases linearly. When L, was 6.7 m, the uplift increased
by approximately 20.4% compared to the case when L, was
0.7 m. The maximum uplift in the surrounding soil increased
non-linearly. When L, was 6.7m, the uplift increased to
2.5 times from when L, was 0.7 m. Therefore, when
permitted by construction site conditions, the pile proximity
distance Lp should be minimized.
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4) When Lp was 4.7 m, the maximum horizontal displacement
of the pile increased by 39.4% compared to the case when Lp
was 0.7m. In this case, the negative bending moment
decreased, and the positive bending moment increased. After
Lp exceeds 4.7 m, the displacement and bending moment of the
pile tended to change slowly, indicating that the greater the L,
value, the weaker the restraint of the existing structure on the
pile. Meanwhile, the restraint of the existing structure can be
neglected when Lp exceeds a certain distance.

5) According to the mechanical behavior analysis of the
embedded pile influenced by the embedment depth H,, the
bottom of the pile was primarily affected. When H,, increased
from 1 to 4 m, the maximum horizontal displacement of the pile
decreased by 16.9%. After H, exceeded 4 m, the deformation of
the pile remained essentially unchanged. Therefore, an
embedding depth of 4 m is recommended for similar projects.
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