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With the rapid development of urbanization, the speed of constructing urban underground space and ground foundation engi-
neering is accelerated. With the shortage of land resources, the distance between underground engineering and surface engineering is
getting closer and closer, and the contradictions and problems between projects are becoming more and more serious. Based on the
new subway station, this paper passes the existing urban viaduct in a short distance. The settlement and deformation of pile
foundation and buildings caused by the excavation of the subway station is studied by using ROCSCIENCE software and site
monitoring method. The potential risk sources around the station are pile foundations 18.5 m away, residential buildings 15 m away,
storm water pipes 7.3 m away, and high-pressure gas pipes at 5.6 m. According to the construction requirements of pile foundation
settlement deformation during metro station excavation, we set up construction standards. The settlement of the buildings and
pipelines around the metro station should not exceed 3 mm, and the horizontal displacement should not exceed 2 mm. The di-
aphragm wall is adopted to surround the subway station, and the ground is reinforced by advanced grouting. The results show that,
during the excavation of the foundation pit of the metro station, the ground and the building will have obvious settlement de-
formation and the depth of deformation can reach 9 mm, which is more than the allowable value. The settlement deformation of the
ground and the surrounding buildings can be controlled within 3 mm by strengthening the foundation pit support and ground
advance-grouting reinforcement. The control of construction deformation can meet the construction requirements.

1. Introduction

The rapid progress of urbanization has increased the speed
and intensity of urban infrastructure projects. The devel-
opment concept of the three-dimensional city can effectively
expand the three-dimensional space of the city. In the
construction of ground infrastructure, the above ground
space and the underground space can be explored. A large
number of viaducts, ground roads, and subway projects lead
to a fact that more and more urban infrastructure projects
are getting closer and closer. The construction of small
spacing projects has mutual influence and disturbance on
the adjacent projects. The construction of the small-distance
project has caused a certain number of engineering accidents
and engineering disasters, which has seriously affected the
urban environment and the life of urban residents. Many
scholars have carried out a great deal of research work on

urban safe construction and green construction [1-3]. A lot
of scholars have carried out the related research work on
subway safety construction [4-6]. As an underground linear
project, the subway will intersect or underpass other projects
in the construction process. The stability of rock strata and
the safety of buildings in the intersecting area have become
the focus and difficulty of research. More and more scholars
will transfer the research center to the stability analysis of the
building under the subway [7-9].

The stability analysis and emergency reinforcement
treatment of the subway shield tunnel under existing
structures are common. There are few studies on the un-
derpass of urban-elevated roads by metro stations. Some
scholars have carried out preliminary research and explo-
ration on the subway station underpassing the existing
engineering project. Yan et al. [10] studied the lifting
technology of the subway passing under the bridge at short
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distance. Zhou et al. [11] analyzed the influence of the
seismic effect of bridge pile foundation on the subway
station. Peng et al. [12] used the time-history analysis
method to study the ASEISMIC behavior of the subway
station span bridge. Su et al. [13] studied the response of
subway station construction to the bridge. Chen et al. [14]
ran an emergency evacuation simulation of the bridge at the
start of the connection. Kishii [15] carried out the use and
management of the space under the railway viaduct and the
underground space near the station. Wang et al. [16] carried
out on-site monitoring and analysis of the construction
process of the subway station. Li et al. [17] carried out
numerical simulation and analysis of the shield tunnel under
the pile foundation. Pan et al. [18] analyzed the effect of
construction on the deformation of existing high-speed
railway tunnels. Liu et al. [19] analyzed the mechanical
properties and land subsidence characteristics of the sup-
porting structure during the construction of the subway
station. Lv et al. [20] studied the deformation of shield
tunnels passing through piles of existing railway bridges.
Zhao et al. [21] conducted a risk assessment for the con-
struction of an elevated subway station. Yang and Wang [22]
analyzed the effect of metro tunnel excavation on the de-
formation of existing stations. Jia et al. [23] studied the
surface settlement and structural deformation of a new type
of prebracing system for large-span subway stations. Zhang
[24] carried out a study of shield tunneling through viaduct
pile foundation underpinning.

The subway is built on a large scale in the city, and the
situation of intersection with the urban-elevated road is
more and more protruding. The metro shield tunnel often
underpasses the existing urban viaduct, which has a serious
safety impact on the pile foundation. Researchers studied the
effects of subway tunnels on nearby pile foundation [25-27].
While, the metro shield tunnel underpasses the viaduct,
some metro stations are also built under the urban viaduct,
which makes the construction of metro stations have a
serious safety impact on the adjacent pile foundations. Some
scholars have analyzed and studied the influence of deep
foundation pit excavation on adjacent bridge piles [28-30].
There are few cases of the subway station crossing the urban
viaduct, and the research on this aspect is still rare. In this
paper, a metro station under the city viaduct is used as the
research object, through numerical simulation and field
monitoring analysis of the subway station construction on
the adjacent pile foundation stability. The deformation law
and characteristics of the ground surface and adjacent
buildings during the construction of the subway station are
obtained. The research results are of great practical signif-
icance to the construction of the subway station under the
urban viaduct. This study is of great significance to the
design and construction of similar projects.

2. Project Profile and
Environmental Conditions

2.1. Engineering Overview. The new metro station is located
under the urban viaduct, and the station foundation pit is
located between the two piles of viaduct. The minimum
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distance between the station foundation pit and the pile
foundation is 18.5m. The subway station is a two-storey
underground island station, which is constructed by open-
cut construction.

The main structure is a double-column three-span
reinforced concrete box-frame structure. The total length of
the station is 180m; the width of the standard section is
19.7 m; the depth of the floor of the standard section is about
19.8 m, and the soil cover of the roof is 3.5m.

The station has 4 entrances and 2 wind pavilions. The
viaduct near the metro station adopts pile foundation with
double-row piles. The length of the pile is 39.3 m, and the
diameter is 0.8 m. Four piles are set under each pile cap. The
location of the subway station and the pile foundation is
shown in Figures 1 and 2.

2.2. Engineering Geological Conditions. There are miscella-
neous fill, clay, silty soil, silty sand, and sandstone in the area
where the subway station is located. The main structure of
the subway station is in silty soil and silty clay. The engi-
neering geological section is shown in Figure 3.

2.3. Built Environment. There are viaduct pile foundations,
multistorey residential buildings, and municipal pipelines
near the new metro station. The buried objects in the main
structure of the subway station are mainly municipal
pipelines. The main pipelines are rainwater pipe DN1000,
buried depth of 1.4 meters, and 7.3 meters from the subway
station; high-pressure gas pipe DN300, buried depth of 1.5
meters, and 5.6 meters from the subway station; sewage pipe
DN1200, buried depth of 5.5 meters, and 10.5 meters from
the subway station. The built environment around the
station is shown in Figure 4. The section of the pipe is shown
in Figure 5.

2.4. Engineering Monitoring. According to the evaluation
report and design requirements of the newly built subway
station under the existing urban-elevated road area, the
vertical settlement value of the pile foundation and the urban
viaduct should not exceed 3 mm, and the horizontal dis-
placement should not exceed 2 mm. In order to ensure that
the construction does not have a significant impact on the
existing urban viaduct, it is necessary to monitor the stra-
tum, underground diaphragm wall, pile foundation, pipe-
line, etc. The monitoring arrangement is shown in Figure 6.

The deformation control level of the station foundation
pit is the first level, and the soil from the side of the pit to the
building should be reinforced by grouting before the ex-
cavation. The retaining structure and internal support sys-
tem of the foundation pit should be strengthened, and the
support measures should be added when necessary to strictly
control the deformation of adjacent pile foundation. The
monitoring frequency of adjacent pile foundation and
building is encrypted during the construction of the foun-
dation pit, and the construction parameters are adjusted
according to the monitoring results to ensure the safety of
the building.



Advances in Civil Engineering

O O
Urban viaduct road
-
%N-"—-_i
—
" o o
1 61000

111000
1

24000

Foundation pit of subway station

%ISOOOJ’ O o

180000 |‘

£

FiGure 1: Relationship between the viaduct and subway station plane position.
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FIGURE 2: The section position relation between subway station and pile foundation.

2.5. Reinforcement Measures. According to the construction
safety requirement, the soil layer between the foundation pit
and the pile foundation of the subway station needs to be
reinforced by grouting. Four jet-grouting piles are arranged
around the pile to reinforce it. The diameter and length of
the jet-grouting pile are 800 mm and 2000 mm, respectively.
The high-pressure jet-grouting piles are made of common
Portland cement with a strength of 42.5 grade. The water
cement ratio of cement slurry is 0.8~1.2. We reinforced the

ground around the foundation pit of the subway station by
grouting. The ground grouting measures is shown in
Figure 7.

3. Numerical Modeling

3.1. Model Building. Combining with the actual situation of
this project, ROCSCIENCE analysis software is selected
to establish the numerical model. According to the
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FIGURE 3: Section map of engineering geology.
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FIGURE 4: The layout of a subway station.

construction size requirement of the subway station, the size ~ 3.3. Construction Procedures. The excavation depth of the
of this model is 300 meters long, 180 meters wide, and 60  foundation pit of the metro station is 19.8m, and the
meters thick, as shown in Figures 8 and 9. retaining structure is an underground diaphragm wall, and
the embedded depth of the diaphragm wall is 10 m. The
foundation pit was excavated 6 times, and 6 transverse
3.2. Parameter Selection. A modified Mohr-Coulomb  supports were set up. According to the engineering practice,
model based on the actual engineering characteristics is  the construction stage is divided into 6 working conditions,
adopted. The linear elastic constitutive relation is applied ~ as shown in Figure 10.
to the structural element. The model combines nonline-
arity with plasticity. The concrete elements of pile 4 Numerical Simulation and Analysis
foundation and soil in the model are solid elements. The
rigid-flexible contact element is used to simulate the  4.1. Numerical Analysis of Influence of Metro Station Exca-
nonlinear behavior of the pile-soil interface. The non-  wvation on Surrounding Environment Deformation. The
linearity between pile and soil is simplified to a thin-  construction process of the subway station is numerically
walled element. The beam element is used to simulate the  simulated by simulation software. The settlement and de-
internal supporting structure, crown beam, and column  formation of surrounding strata, pile foundation, and other
pile. The parameters required for the numerical simula- structures are studied. The simulation results are shown in
tion are shown in Table 1. Figure 11.
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FIGURE 6: Monitoring the site layout.

As is shown in Figure 11, the foundation pit of the new
subway station has a remarkable influence on the sur-
rounding strata and deep foundation during the construc-
tion process. The maximum settlement is 9 mm, which
exceeds the limit of the engineering safety requirement. The
excavation of the subway station in soft soil will inevitably
lead to the deformation of surrounding strata and buildings.

4.2. Analysis of the Influence of the Distance between Pile
Foundation and Foundation Pit. The excavation of the

foundation pit of the metro station will cause deformation
and destruction of surrounding strata. The ground settle-
ment between the foundation pit and pile foundation during
construction is shown in Figure 12.

As is shown in Figure 12, the soil layer between the pile
foundation and the foundation pit has obvious settlement
deformation during the excavation of the foundation pit of
the subway station. Because this area is made of soft soil
stratum, under the condition of excavation disturbance,
thixotropy will occur in the soil layer and lead to settlement
deformation. The influence range of settlement is about
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FIGURE 8: Three-dimensional geometric model.

FIGURE 9: Model map of the foundation pit of the metro station.
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TaBLE 1: Physical and mechanical properties of the wall rock.

Layer number Name of soil layer h (m) I (kN/m%) 9 () ¢ (kN/m?) V Elastic modulus (kN/m?)
1 Miscellaneous fill 2.5 1.75 6 8 0.37 9e3

2 Clay soil 114 20.3 12 48 0.33 1.61 e4

3 Silty soil 9.7 20.3 23 30 0.3 3.0 e4

4 Silty sand 5 21 25 0 0.35 1.63 e4

5 Sandstones 3.6 21.8 30 35 0.35 1.5 e5

6 Pile foundation — 25 36 30 0.2 3.15 e7

7 Diaphragm wall — 22 36 30 0.2 2 €7
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Figure 10: Continued.
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FIGURE 11: Settlement deformation nephogram. (a) Working condition 1. (b) Working condition 2. (c) Working condition 3. (d) Working

condition 4. (e) Working condition 5. (f) Working condition 6.

20 m, the maximum settlement is 6 m from the foundation
pit, and the settlement is close to 7mm.

The ground deformation after grouting the stratum is
shown in Figure 13.

As is shown in Figure 13, the ground deformation is
effectively controlled by grouting reinforcement. The
maximum deformation is 2.52 mm, which meets the con-
struction standard.

4.3. Deformation Analysis of the Diaphragm Wall during
Excavation. In the process of excavation of the subway
station foundation pit, the diaphragm wall also has some
deformation. The horizontal displacements of survey
points 4 and 20 on the diaphragm wall are shown in
Figure 14.

As is shown in Figure 14, during the excavation of the
foundation pit, significant horizontal displacement of the
diaphragm wall occurred, which was close to 8 mm, ex-
ceeding the construction safety limit. In order to ensure
that the construction of the surrounding buildings meets
the construction requirements, it is necessary to increase
the strength of the foundation pit and ground
reinforcement.

The deformation of the diaphragm wall after rein-
forcement by grouting is shown in Figure 15.

As is shown in Figure 15, the deformation of the stratum
and diaphragm wall is effectively controlled after grouting
reinforcement. The maximum vertical settlement and the
maximum horizontal displacement of the diaphragm wall
are 2.45mm and 1.42mm, respectively, which meet the
construction requirements.

4.4. Analysis of Deformation in Pile Foundation. The de-
formation of the pile foundation of the viaduct is caused by
the excavation of the foundation pit of the metro station. The
displacement and deformation of pile foundation are shown
in Figure 16.

As is shown in Figure 16, the pile foundation adjacent
to the subway station produces significant deformation

during the excavation of the subway station. The vertical
settlement of pile foundation is 6.25 mm, and the hori-
zontal deformation is 3.54 mm. The main causes of pile
foundation deformation are as follows: first, the load of
the urban-elevated road is larger, second, the sur-
rounding area is soft soil, and third, the subway con-
struction distance is closer.

The deformation of the pile foundation after grouting the
ground around pile foundation is shown in Figure 17.

As is shown in Figure 17, the settlement of pile foun-
dation is effectively controlled and restrained after grouting
reinforcement. The maximum vertical settlement of pile
foundation is 1.63 mm, and the maximum horizontal dis-
placement is 1.53 mm.

5. On-Site Monitoring and
Reinforcement Effect

5.1. Deformation and Analysis of Land Subsidence.
During the construction of the foundation pit in the metro
station, the ground settlement data are obtained by moni-
toring the ground settlement between the diaphragm wall
and pile foundation. The surface settlement deformation
curve is shown in Figure 18.

As is shown in Figure 18, the subsidence deformation of
the ground surface has been effectively controlled by
grouting. The maximum position of ground settlement
deformation is about 7m from the foundation pit. The
maximum surface settlement is 2.47 mm, which does not
exceed the allowable value and meets the construction
requirements.

5.2. Deformation and Analysis of the Enclosure Structure.
According to the requirement of construction safety, the
deformation of the diaphragm wall is monitored. The
horizontal displacement and vertical settlement of the di-
aphragm wall are shown in Figures 19 and 20.

Asis shown in Figures 19 and 20, the deformation of the
diaphragm wall during the whole construction process is
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Figure 13: Cloud map of ground settlement after grouting reinforcement.

not large and does not exceed the allowable value. Grouting
reinforcement has effectively controlled the deformation
and failure of the diaphragm wall. The maximum hori-
zontal displacement is 1.51 mm, and the maximum vertical
settlement is 2.51 mm, which meets the construction
standard.

5.3. Deformation and Analysis of Pile Foundation. The key
and difficult point of this construction is the influence of
the subway station on the urban viaduct. In order to
ensure that the pile foundation does not deform and does
not affect the normal operation of the existing road,
grouting reinforcement is adopted. During the con-
struction, we monitored the pile foundation. The defor-
mation data of pile foundation are shown in Figures 21
and 22.

As is shown in Figures 21 and 22, the deformation and
failure of pile foundation are effectively controlled by
grouting. The maximum horizontal displacement of pile

foundation is 1.69 mm, and the maximum vertical set-
tlement is 1.70mm, which meets the construction
standard.

5.4. Deformation and Analysis of Pile Foundation. The key
and difficulty of foundation pit construction in the metro
station is that there are all kinds of pipelines and multistorey
residential buildings near the foundation pit. In order to
prevent the subway station construction to the pipeline and
the building influence, we have carried on the safety
monitoring during the construction. The accumulative
vertical settlement of important monitoring points in the
construction of the metro foundation pit is shown in Table 2.
As is shown in Table 2, the maximum settlement of the
sewage pipe is 0.7mm, the maximum settlement of the
rainwater pipe is 0.4 mm, the maximum settlement of the
high-pressure gas pipe is 0.7 mm, and the maximum set-
tlement of the residential building is 1 mm, which meets the
requirements and standards of safe construction.
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6. Comparison of Numerical Simulation and
Monitoring Results

In this paper, the influence of foundation pit construction of
the metro station on adjacent buildings is studied by numerical
simulation and on-site monitoring. Comparisons between

numerical simulations and field monitoring are shown in
Table 3.

The results of numerical simulation and field monitoring
are basically consistent with the maximum error of 5.9%.
The results of numerical simulation can provide reference
for field construction.
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FiGuRre 19: Horizontal displacement of the diaphragm wall under different working conditions. (a) Measuring point 20. (b) Measuring point 4.
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FIGURE 20: Settlement curve of the diaphragm wall at each measuring point. (a) Measuring point 26-11. (b) Measuring point 13-24.
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FiGure 21: Horizontal displacement curve of pile foundation under different working conditions. (a) Measuring point 27. (b) Measuring

point 29.
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FIGURE 22: Vertical settlement duration curve of pile foundation.

TABLE 2: Summary table of vertical accumulated settlement at key locations.

Position

Serial number Monitoring point number Cumulative settlement (mm)
1 #31 -0.7

2 #32 -0.4

3 #33 -0.7

4 #34 -1

Sewage pipe
Rainwater pipe
High-pressure gas pipe
Residential building

TaBLE 3: Comparison of monitoring results and numerical simulation.

Reinforcement measures

Position Monitoring (mm)

Simulating value (mm)

The ground settlement 6.89

Ungrouted reinforcement Diaphragm wall 7.98
Pile foundation 6.25

The ground settlement 247 2.52

Grouting reinforcement Diaphragm wall 1.51 1.42
Pile foundation 1.70 1.63
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7. Conclusions

This paper studies that the subway station can effectively
control the ground settlement by strengthening the strength
of the surrounding structure and grouting to reinforce the
stratum, so as to ensure that the construction process of the
deep foundation settlement is within the controllable range.
The following main conclusions are drawn:

(1) The excavation of the foundation pit of the metro
station in silt and silty clay will have an effect on the
ground settlement within 20 meters. The settlement
can reach 9 mm, and the horizontal displacement can
reach 7 mm.

(2) In the process of excavation, with the increase of
excavation depth, the vertical settlement and hori-
zontal displacement of the stratum and the sur-
rounding buildings are increasing obviously.

(3) The ground settlement can be effectively controlled
by grouting, and the vertical settlement can be
controlled within 3 mm, and the horizontal dis-
placement can be controlled within 2 mm.

(4) In this paper, the settlement deformation law of the
subway station crossing viaduct is studied by nu-
merical simulation and in-situ monitoring. The error
between numerical simulation and field monitoring
is 5.9%. The data of numerical simulation can be used
for reference in similar projects.
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