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The main challenge for metro station construction is to ensure the construction schedule while minimizing the impact on the
surrounding environment. Based on the characteristics of the upper-soft and lower-hard stratum in the Dalian city of China, a
special structure with six pilot tunnels and three spans of the pile-beam-arch (PBA) method is proposed and applied to the
construction of the Labor Park metro station. In this study, laboratory experiments, numerical simulation analysis, and field
monitoring data are used to investigate the applicability of six pilot tunnels and three spans of the PBA method in the process of
construction. In the process of numerical simulation, the ground surface settlement, arch vertical displacement, the horizontal
displacement of rock mass on both sides of the station, and vertical stress of support structure are analyzed. The numerical
simulation results are found to be in good agreement with field measurement. Furthermore, the results indicate that, in the
construction of six pilot tunnels and three spans of the PBA method, pilot tunnel construction and arch construction have a great
influence on the surface settlement. The part of the initial vertical support of the pilot tunnels is removed, which caused the change
of the position of maximum vertical stress and the redistribution of vertical stress. Because of reinforcement by side piles on both
sides of the station, the horizontal displacement of the rock mass was reduced by 44.76% compared with that without rein-
forcement. The six pilot tunnels and three spans of the PBA method can effectively control the surface settlement, arch vertical
displacement, and horizontal displacement of the rock mass.

1. Introduction

The construction of the metro station is complicated, and the
construction period is long. How to reduce the disturbance
caused by the station construction to the surrounding en-
vironment is the focus of the construction process [1-3]. In
past decades, the open-cut method [4] and the cut-and-cover
method [5] are the most widely used ways of constructing a
metro station. Shakeel and Charles [6] and Zheng et al. [7]
studied the influence of the open-cut method of metro
station on adjacent bridge piles. These studies have shown
that the open-cut method of metro station could produce a
significant effect on adjacent piles. Zhou et al. [8] simulated
the influence of foundation pit dewatering on the sur-
rounding surface in the process of the open-cut method by

using the three-dimensional finite difference method.
Hsiung et al. [9] and Hsieh et al. [10] analyzed the influence
of foundation pit excavation on the enclosure wall. From the
aforementioned research studies, it can be seen that the
construction period of the open-cut method is short, but the
influence of the construction on the surrounding environ-
ment is inevitable. The construction period of the cut-and-
cover method is longer than the open-cut method. However,
the construction site of the cut-and-cover method is located
underground, which has little impact on the surrounding
traffic [11, 12]. In the construction process of cut-and-cover
method, the enclosure structure has little deformation,
which can effectively control the deformation of sur-
rounding soil and the surface settlement, and is beneficial to
the protection of adjacent buildings and structures [13, 14].
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In the construction process of metro stations in many cities,
the cut-and-cover method becomes the first choice of metro
station construction to reduce the impact on the existing
traffic system [15].

The pile-beam-arch (PBA) method is a new construction
method in the cut-and-cover method. The core idea of the
PBA method is to form an overall support system composed
of the lateral wall support structure and arch initial support
structure to ensure sufficient safety during the excavation of
the main part of the station and effectively control the
settlement of the stratum. The PBA method has its unique
advantages in the construction of metro stations and strong
applicability to the construction environment [16, 17].

Some researchers had studied the PBA method. Chen
[18] studied the influence of the excavation sequence of the
pilot tunnel with the PBA method on surface subsidence in
sand gravel stratum, and the results showed that the un-
derground excavation of the station had no significant effect
on the final surface subsidence by applying different exca-
vation sequence of pilot tunnels. Huang et al. [19] studied
the PBA construction process of the Suzhou street subway
station in Beijing. The main structure of the metro station
mainly passes through the gravel and silty clay stratum, and
the results show that “effect of group cavities” would appear
when a plurality of adjacent pilot tunnels was excavated
together. Wang et al. [20] studied the influence of con-
struction with the PBA method on strata and adjacent
pipelines based on the research background of the Beijing
subway station. Ren et al. [21] studied the excavation
quantity and excavation sequence of the pilot tunnels of the
PBA method in the loess area. Wang et al. [22] analyzed the
ground subsidence during the construction of the metro
station with the PBA method by using the empirical formula,
related technical specifications, and numerical simulation.

From the aforementioned research studies, it can be seen
that the PBA method has been effectively applied in metro
station construction. It can effectively control the impact of
construction on the surrounding environment. However, in
the aforementioned research studies on the PBA method, the
station span was small and the stratum in which the station
was located was mostly loose and weak. There are few studies
on the application effect of the PBA method on the upper-
soft and lower-hard stratum.

The geology of the Labor Park metro station of Dalian
city is upper-soft and lower-hard stratum, and there are
several traffic routes around the station. To reduce the
impact on existing traffic, the PBA method was selected for
the construction of the station. The main structure of the
station is located in a moderately weathered rock mass. The
lower rock mass has strong self-stability. Taking advantage
of the self-stabilizing ability of the lower rock mass, the
conventional eight pilot tunnels and three spans of the PBA
method are improved to six pilot tunnels and three spans.
The improved PBA method reduces the number of pilot
tunnels and adopts steel pipe piles to reinforce rock mass
on both sides, thus improving construction efficiency.
However, the stability of the improved PBA method in the
construction process is still uncertain, so the following
research is needed.
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To analyze the applicability of six pilot tunnels and three
spans of the PBA method in the upper-soft and lower-hard
stratum, firstly, the surrounding rock parameters of the
station were obtained through laboratory experiments.
Then, numerical simulation analysis was carried out based
on the obtained surrounding rock parameters. The surface
settlement, vertical displacement of arches, rock mass
horizontal displacement, and support structure stress are
analyzed by combining with the simulation results and field
measurement results in the construction process.

2. Engineering Environment and Improved
PBA Method

The Labor Park metro station of Dalian city is located at the
intersection of Jiefang Road and Ziwei Road, along with the
north-south layout of Jiefang road. The northeast side of the
station is Dalian no. 9 middle school, the southeast side of
the station is a residential building, and the west side of the
station is Dalian no. 24 middle school. Labor Park metro
station is a metro station on Dalian Metro Line 5. It is located
in the busy area of the city, and there are many traffic lines
around it (Figure 1). During the construction process, the
ground settlement around the station should be strictly
controlled.

The geological conditions of the Labor park metro
station are the upper-soft and lower-hard stratum. The
stratum crossed by the main structure of the station is
moderately weathered slate. Taking advantage of the self-
stabilizing ability of the lower rock mass, the conventional
eight pilot tunnels and three spans of the PBA method are
improved to six pilot tunnels and three spans. A special
structure with six pilot tunnels and three spans of the PBA
method is proposed for station construction. The improved
PBA method reduces the number of pilot tunnels, and steel
pipe piles are selected on both sides to reinforce rock mass
(Figure 2). The main part of the station is a double island
station. The depth of the burial at the top of the station is
20.5m. The station length of Labor Park station is about
191.2 m, the excavation width is about 25.64 m, and the main
body height is about 17.75m.

According to the predesigned construction plan, the
construction process of the Labor Park metro station is
divided into four construction procedures. Figure 2 shows
the stages of construction.

(1) Construction process of six pilot tunnels

The construction stages include the excavation and
the support of the pilot tunnels. The excavation
sequence of predesigned six pilot tunnels is A1-A2-
B1-B2-C1-C2 (stage 1-3).

(2) Construction process of steel pipe piles, middle piles,
and beams

When the construction stages of pilot tunnels are
completed, side piles, beams, and middle piles
shall be constructed. During this period, the void
behind the initial support is backfilled with con-
crete (stage 4).
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(3) Construction process of arches

This stage includes the excavation of the rock mass
between the pilot tunnels, removal of vertical sup-
port of pilot tunnels, and installation of the primary
lining and secondary lining (stage 5).

(4) Construction process inside the metro station

This stage includes the excavation of rock mass in-
side the metro station and the construction of the
middle plate, bottom plate, and side wall (stage 6).

The improved PBA method made full use of the stability
of rock mass, reduced the number of pilot tunnels, shortened
the construction period, and reduced the project cost.

3. Field Monitoring Data Analysis

To effectively monitor the impact of the station construction
process on the surrounding environment, a surface settle-
ment monitoring section is arranged every 10 m along the
excavation direction of pilot tunnels. The plane layout of
ground surface settlement monitoring points is shown in
Figure 3.

The rules of different surface settlement monitoring
sections are similar, so only one section (DBC-07) is selected
for analysis. Figure 4 shows the field monitoring data results
of the ground surface in the construction stage of pilot
tunnels.

The earliest ground settlement is located directly above
the excavation pilot tunnels in the early stage of the con-
struction of pilot tunnels. In the later stage of guide tunnel
excavation, with the successive excavation of each pilot
tunnel, the surface settlement increases rapidly, and the
closer it is to the center of the station, the greater the surface
settlement. After the construction of the pilot tunnels, the
maximum settlement value on the surface is —7.54 mm. This
shows that when several adjacent pilot tunnels are excavated
at the same time, each pilot tunnel would affect each other,
and then the construction disturbance will be amplified,
showing the “effect of group cavities.” [19]

4. Laboratory Tests for Rock
Specimens of Engineering

In the process of construction, the determination of support
schemes is mainly based on the geological exploration data.
Because of the limitations of the exploration techniques and
the complexity of the construction environment, the ap-
plicability of the preconstruction schemes often have some
disadvantages and the supporting strength may be insuffi-
cient, which may lead to construction risks. In the con-
struction of six pilot tunnels and three spans of the PBA
method, the self-stability of the lower rock mass needs to be
fully utilized. To ensure the safety of the later construction,
the exposed rock mass was selected for sample preparation
during the actual construction process of six pilot tunnels.
Rock specimens are tested by triaxial experimental instru-
ments. The physical and mechanical properties of rock mass
are analyzed (Figure 5).
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The test is carried out according to four different con-
fining pressure levels: 0 MPa, 5 MPa, 15 MPa, and 30 MPa.
Figure 6 shows the full stress-strain curve of the triaxial test
of rocks under different confining pressures. As can be seen,
the triaxial compressive strength of rocks increases with the
increase of the confining pressure applied. The overall
properties of the rocks are good. Some rocks have joint
development.

Chen et al. [23] studied the determination of rock
mass mechanical parameters used in the numerical
simulation and established a practical and effective
method to determine the physical and mechanical pa-
rameters of rock mass in the numerical simulation. Based
on this method, the mechanical parameters of moderately
weathered slate in the numerical simulation process were
determined according to the experimental results, as
shown in Table 1.

5. Model Establishment and
Parameter Selection

During the construction of the six pilot tunnels of the
station, the three-dimensional numerical model is estab-
lished according to the construction conditions. Flac3D
software is used to simulate the actual construction of six
holes and three spans of the PBA method in Labor Park
station. The size of the three-dimensional numerical model
is140m x 20m x 60m, which consists of 98180 zones, as
shown in Figure 7. The four side boundaries of the model
have restrained the horizontal movements. The displace-
ments in the three directions at the bottom of the model are
all constrained. The surrounding soils of the subway station
are modeled as Mohr-Coulomb material, and all the con-
crete structures of the metro station are modeled as an elastic
material. Figure 8 shows the support structure model of the
station. In the actual construction process, the side pile was
composed of steel pipe pile and concrete inside the pile. The
diameter and thickness of the steel pipe pile were 219 mm
and 10 mm, respectively. The inside of steel pipe pile was
filled with C25 concrete. The weighted average weight of the
steel pipe pile combined with concrete was considered, and
the unit weight of the side pile was selected as 30 kN/m”. The
parameters of soil and rock determined according to geo-
logical survey data, and laboratory test results are shown in
Table 1.

6. Result Analysis

6.1. Layout of the Numerical Monitoring Points. In an in-
vestigation of PBA method construction, the ground
surface settlement, vertical displacement of arches,
support structure stress, and rock mass horizontal dis-
placement are important references. Corresponding to
the position of the actual monitoring points on the site,
the layout of the monitoring points in the simulation
process is carried out. The layout of surface settlement
monitoring points corresponds to the DBCO07 section
measured on the site. The arrangement of monitoring
points is shown in Figure 9.
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tunnels.

6.2. Analysis of Ground Surface Settlement. Figure 10 shows
the rules of the surface settlement monitoring section in the
whole construction simulation process of the station. The
following can be observed:

(1) During the stage of the excavation of pilot tunnels A1
and A2, the surface settlement curve presents the
shape of double grooves. The location with the
largest surface settlement is directly above the two
pilot tunnels. The maximum settlement value on the

surface at the top of pilot tunnels Al and A2 are
—1.11mm and —-1.08 mm. After the completion of
the excavation of pilot tunnels B1 and B2, the surface
settlement curve changes from double grooves to
single grooves, the position with the maximum
surface settlement gradually changes from directly
above the pilot tunnels to above the centerline of the
station, and the maximal settlement value of surface
is —3.31 mm. With the successive excavation of each
pilot tunnel, the space between adjacent pilot tunnels
becomes smaller and each pilot tunnel affects each
other, and the “effect of group cavities” gradually
appears. After the excavation of lower pilot tunnels
C1 and C2, the location of the largest surface set-
tlement does not change. However, the excavation of
Cl and C2 increases to a surface settlement of
—3.53 mm, accounting for 51.6% of the total surface
settlement in the construction stages of six pilot
tunnels. The results show that the excavation of the
lower pilot tunnels causes further disturbance to the
surface and the superposition effect of the upper and
lower pilot tunnels has a greater impact on the
surface.

(2) During the construction stage of side piles, middle

piles, and beams, the maximum settlement value of
the surface is —7.52 mm. The surface settlement in-
crement caused by the stage was only 0.68 mm, in-
dicating that the excavation process causes little
disturbance to the ground surface.

(3) After the construction stage of arches, the maximum

settlement value of the surface is —15.32 mm. The
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FiGUure 5: Experimental process of rock mass in the station. (a) Rock specimen collection and preparation. (b) Triaxial experimental
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FIGURE 6: Stress-strain curve of moderately weathered slate.

TaBLE 1: Material properties.

. y E c 0]
Material “kNm) (MPa)  (kPa) ()
Filled soil 0.40 17.0 13 10 15
Silty clay 035 203 42 47 17
Strongly weathered 0 559 180 60 30
slate
Moderately weathered 023 270 1200 170 38
slate
Primary lining 0.20 23.0 25000 — —
Secondary lining 0.20 25.0 28000 — —
Side pile 0.25 30.0 30000 — —

increment of surface settlement caused by the stage is
—7.71 mm. The increment of ground surface settle-
ment is relatively obvious.

(4) After the construction process inside the metro station,
the increment of ground surface settlement is only
—1.98 mm. The results show that after the construction
of arches, the support system composed of arches, side
piles, middle piles, and beams has a good support effect
on the surrounding rock mass of the station.

ijitt
e
1|
1 e
1

M Filled soil M Strongly weathered slate
W Silty clay Moderately weathered
slate

FiGURE 7: Three-dimensional numerical model.

FIGURE 8: Support structure model of the station.

After the construction simulation of the station is fin-
ished, the maximum settlement caused by station con-
struction to the surface is —17.21mm, and the surface
settlement control value in the actual construction process is
—25mm, indicating that the influence of station construc-
tion on the surface is within the control range. The sur-
rounding environment of the station is also in a safe state.
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The ratio of surface settlement to total settlement in the four
construction processes of pilot tunnel construction, side
piles + middle piles + beam construction, arch construction,
and inside the metro station construction is 38.7%, 4%,
44.8%, and 11.5%, respectively. The results show that, among
the six pilot tunnels and three spans of the PBA method
construction process, the two stages that have the greatest
impact on the surface settlement are the pilot tunnel con-
struction and the arch construction.

Figure 11 shows the simulation results and field mon-
itoring results of ground settlement at the end excavation of
pilot tunnels (stage 3). The surface settlement curve pre-
sented a single groove. The locations where the maximum
settlement occurs are directly above the centerline of the
metro station. The amount of surface settlement gradually
decreased from the central line of the metro station to both
sides. Field monitoring results show that the maximum
settlement value of the surface is —7.54 mm. The value of the
simulation results is —6.84 mm. The numerical simulation

results are close to the field monitoring data. Therefore, the
numerical simulation of the construction process of the
metro station is reasonable. Through the comparison and
analysis of the field monitoring results and the numerical
simulation results, the feasibility of model parameter se-
lection is corrected, which shows that the selection of model
parameters is feasible. The parameters selected by the model
can be used to simulate the later excavation process of the
station.

6.3. Displacement Analysis of Arches and Rock Mass on Both
Sides. The vertical displacement of the arches is paid more
attention in the actual construction process, and the max-
imum allowable vertical displacement value of the arches is
30 mm. The construction process of arches is divided into
four construction processes: (1) rock mass excavation be-
tween pilot tunnels B1 and B2 and the installation of primary
lining; (2) removal of the vertical supports of pilot tunnels B1
and B2 and installation of the secondary lining; (3) rock
mass excavation between pilot tunnels Al, B2 and pilot
tunnels A2, B2 and the installation of primary lining; and (4)
removal of the vertical supports of pilot tunnels A1, B2 and
pilot tunnels A2, B2 and the installation of the secondary
lining, as shown in Figure 12.

The construction process of metro station substructure is
divided into two construction processes: (1) the inner rock
mass of the station is excavated to the installation location of
the middle plate below 5m, and then the middle plate and
side walls are constructed; (2) the inner rock mass of the
station is excavated to the bottom of the station, and then the
bottom and side walls are constructed, as shown in
Figure 13.

Figure 14 shows the vertical displacement of measuring
point G. As can be seen, in the construction stages of arches,
the vertical displacement growth rate of the monitoring
points shows a tendency of increasing first, then decreasing,
and then increasing again. The results show that the removal
of the vertical support of the pilot tunnels caused great
disturbance to the stability of the station support structure.
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FIGure 13: The construction process inside the metro station. (a) Stage 6-1. (b) Stage 6-2.

The maximum vertical displacement of measuring point G is
—15.9mm. During the construction process of the metro
station substructure, the vertical displacement of measuring
point G caused by the stage is 1.4 mm. The results show that
the construction process inside the metro station caused
little disturbance to the supporting structure. After the
completion of the station construction, the maximum

vertical displacement value of the arches is 17.3 mm, which is
less than the control value of 30 mm.

In the construction of inside the metro station, the
horizontal displacements of the rock masses on both sides of
the station are shown in Figure 15. As can be seen, the rock
masses on both sides moved horizontally to the interior of
the station. The position with the maximal horizontal
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displacement is located about 6 m below the arch foot. The
maximum horizontal displacement of the rock mass is
3.96 mm, which is less than the monitoring control value of
10 mm. The arches extend outward under the pressure of the
upper soil, which effectively limited the movement of the
rock mass at the foot of the arches to the interior of the
station.

6.4. Stress Analysis of Arches and Piles. Figure 16 presents the
stress in the construction process of arches. As can be seen, after
the excavation of rock mass and primary lining construction
between pilot tunnels Bl and B2, the maximum stress of the
supporting structure is —2.75MPa, which is located on the
vertical supports of pilot tunnels B1 and B2. After the removal of
the vertical support of pilot tunnels Bl and B2 and the in-
stallation of the secondary lining, the maximum stress of the
supporting structure is —3.0 MPa, which is located on the
vertical primary supports of the pilot tunnels Al and A2. After

the secondary lining of the arch is formed, the maximum stress
of the supporting structure is —3.5 MPa, which is located on the
middle piles.

The results show that with the excavation of rock mass
between adjacent pilot tunnels and the removal of vertical
primary branches of pilot tunnels, the position of sup-
porting structure bearing the maximum stress changed
from the vertical support of pilot tunnels to the middle
piles. During the construction process, the stress con-
version is relatively violent, and the vertical stress is
redistributed, which caused great disturbance to the
ground surface. Therefore, during the removal of the
vertical support of pilot tunnels, the speed should not be
too fast. Attention should be paid to the monitoring data
to prevent the occurrence of dangerous accidents.

Figure 17 shows the stresses of the middle piles during
the construction process inside the metro station. As can
be seen, middle piles are an important bearing structure
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FIGURE 16: Principal stress of arches (pa). (a) Stage 5-1. (b) Stage 5-2. (c) Stage 5-3. (d) Stage 5-4.
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FIGURE 17: Principal stress of middle columns (pa).

in the supporting structure. With the excavation of the
rock mass inside the metro station, the stresses of the
middle piles are transferred from the upper part to the
whole piles. After the excavation of the station is com-
pleted, the maximum stress value of the middle piles is
—3.75 MPa. The calculated stresses of middle piles did not
exceed the design strength.

7. Discussion

To improve the stability of the rock mass around the station,
side piles are used to reinforce the rock mass (Figure 18). The
side piles on both sides are steel pipe piles with a diameter of
219 mm, the pile spacing is 0.9 m, and the bottom of the pile

is 1 m under the bottom plate. The effect of side piles on both
sides of the station in the construction process is analyzed.

Figures 19 and 20 show the surface settlement and the
horizontal displacement curves of the rock mass on both sides
of the station after the construction with and without side piles.
The ground settlement and horizontal displacement of rock
mass on both sides of the station are compared and analyzed in
the two cases of construction with side piles and without side
piles, under the use of side piles, the ground surface settlement
decreased by 20.62%, and the horizontal displacement of the
rock mass on both sides of the station decreased by 44.76%. The
use of side piles effectively limited the surface settlement and the
horizontal displacement of the rock mass on both sides of the
station.
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(a) (b)

FiGure 18: The support structure of the station with and without steel pipe piles. (a) Without side piles. (b) With side piles.
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FIGURE 19: The surface settlement with and without steel pipe piles.
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FiGure 20: The horizontal displacement of rock mass with and without steel pipe piles.
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8. Conclusions

In this paper, the six pilot tunnels and three spans of the
PBA method for underground excavation of metro sta-
tions with large sections are presented. The geological
conditions suitable for this method are the upper-soft and
lower-hard stratum in the Dalian city of China. This
method made full use of the stability of rock mass, re-
duced the number of pilot tunnels, shortened the con-
struction period, and reduced the project cost. The
control effect of six pilot tunnels and three spans of the
PBA method on the surface settlement is analyzed. We
can draw the following conclusions from the research
results:

(1) In the process of excavation of six pilot tunnels, the
surface settlement caused by the lower pilot tunnels
accounting for 51.6% of the total surface settlement
in the construction stages of six pilot tunnels. The
superposition effect of the upper and lower pilot
tunnels has a great impact on the ground surface. The
location of the largest surface settlement is at the
centerline of the station.

(2) The pilot tunnel construction and the arch con-
struction have a great influence on the ground
surface. The part of the vertical support of the pilot
tunnels is removed, which caused the change of
position of maximum vertical stress and the redis-
tribution of vertical stress, which greatly disturbed
the ground surface and resulted in the large settle-
ment of the ground surface.

(3) The ground surface settlement, vertical displacement
of arches, support structure stress, and rock mass
horizontal displacement are all less than the con-
struction control value. The supporting system
composed of arches and piles can ensure the safety of
construction and the surrounding environment of
the metro station.

(4) In the case of weak surrounding rock conditions,
adding side piles on both sides of the station can
effectively reduce the disturbance of construction to
the surrounding rocks, and the surface settlement
can also be effectively controlled.
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