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Abstract. At present, there are many control measures for the deformation of
subway caused by the excavation of foundation pit. It is worthy of attention that
pretreatment measures can effectively reduce the influence of deformation on
the subway tunnel under different working conditions. Therefore, the finite ele-
ment model is established by Midas/GTS to explore the reinforcement effect of
two measures of pit bottom reinforcement and isolation pile reinforcement. The
results show that: in the excavation of foundation pit, the two schemes have differ-
ent effects on controlling the deformation of tunnel structure, and the inclination
of diameter line is generally smaller. The deformation characteristics of each com-
ponent structure of the diameter line after the pit bottom reinforcement are similar
to those of the unreinforced condition, while the displacement changes of each
structure after the isolation pile reinforcement become uniform and reasonable.
Isolation pile reinforcement is better than pit bottom reinforcement, especially in
reducing the vertical displacement of the structure. The reduction degree of the
maximum horizontal displacement after the isolation pile reinforcement is about
24%-31%. Therefore, when selecting the pretreatment method, priority is given
to the isolation pile reinforcement method.
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1 Introduction

The excavation of foundation pits in cities inevitably causes disturbance to nearby sub-
ways. It is necessary to take corresponding reinforcement measures when encountering
additional deformation caused by excavation of foundation pits in subway tunnels [1,
2]. Previous researchers have done sufficient work on the deformation control of cor-
responding tunnel structures. Isolation pile reinforcement is currently one of the most
widely used reinforcement methods, playing an effective role in controlling building
deformation [3]. Although there has been extensive research on reinforcement methods
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by predecessors, there are few reports on the application of full pit bottom reinforce-
ment and isolation pile reinforcement methods in the same project, and comparing their
deformation control effects. This article will rely on the adjacent underground diameter
line project of Tianjin Jiahai Deep Foundation Pit, adopting pre-treatment schemes of
bottom grouting reinforcement and isolation pile reinforcement respectively. Based on
the established finite element model, the control effect of reinforcement measures on
diameter line deformation caused by foundation pit excavation will be analyzed. The
analysis results can provide reference and reference for similar projects.

2 Project Overview

The south side of the Tianjin Jiahai Foundation Pit Project is the underground diameter
line from Tianjin West Station to Tianjin Station. As this foundation pit belongs to a
super large deep foundation pit, it is divided into three parts: the north, middle, and south.
The excavation depth of the southern foundation pit is about 10.8 m, with a distance
of 16-20 m from the diameter line and a parallel distance of about 250 m. Multiple
construction methods are used for the underground diameter line. The tunnel is buried at
a smaller depth and is constructed using the open excavation method. The section with
a deeper burial depth in the middle is constructed using the shield tunneling method.
The side of the foundation pit close to the diameter line adopts a support form of drilled
cast-in-place piles + concrete internal support, while the west side of the foundation pit
adopts double row cast-in-place piles + counter pressure soil. The enclosure structure of
the open cut tunnel adopts the form of drilled pile 4 water stop curtain, and underground
connecting wall structure (the deeper section of the foundation pit adopts underground
connecting wall, and the shallower section adopts drilled pile + water stop curtain). Two
pre-treatment methods are considered for reinforcement, and the pre-treatment scheme
adopted for foundation pit construction is shown in Table 1.

Table 1. Foundation Pit Excavation pretreatment scheme

Scheme | Concrete content

Scheme 1 | Strengthen the soil of 3 m below the pit bottom. The reinforcement area is the
southern foundation pit with full reinforcement

Scheme 2 | A separation wall (pile) is used to reinforce the soil between the southern
foundation pit and the shield shaft. The reinforcement range is: the length range of
the shield tunnel is extended by 20 m towards the open excavation section and the
shield tunnel section, with a reinforcement width of 3 m and a depth of 30 m below
the surface
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3 Model Establishment

The dimensions of the 3D model are 250 m in length, 135 m in width, and 50 m in depth.
In order to consider the above two working conditions in the same model, the geometric
entities will be cut accordingly during modeling, and the entities in the grouting rein-
forcement area at the bottom of the pit and the reinforcement area of the separation wall
(pile) will be cut in advance, so that the transformation of the two models can be easily
realized by modifying the material properties. See Fig. 1 and Fig. 2 for the specific seg-
mentation. The constitutive relationship between soil and structure is determined using
the D-P model and the linear elastic constitutive model, respectively. The soil within a
depth range of 50 m in the model is approximately divided into four layers. Simulation
of the excavation process of foundation pits. CS1: Apply gravity and initial water head
to form an initial stress field, and then clear the displacement to zero; CS2: The first
step of excavation is completed, and the support and waist beam are completed; CS3:
Excavate to the bottom of the pit.

Fig. 1. Pit bottom reinforcement Fig. 2. Isolation pile reinforcement

4 Analysis of Reinforcement Measures

Select the CS3 (excavation to the bottom of the pit) process for analysis, and the model
specifies that the horizontal direction is towards the side of the pit as the positive direction,
and the vertical direction is upwards as the positive direction.

4.1 Displacement of Shield Shaft

The horizontal displacement of the shield shaft for two preprocessing schemes is shown
in Fig. 3. From the figure, it can be concluded that both schemes are effective in reducing
the absolute displacement of the shield shaft bottom plate. However, after using bottom
grouting reinforcement, a reverse displacement of 1.18 mm occurred at the top of the
shield shaft (i.e. moving away from the foundation pit), resulting in a relative displace-
ment of 8.72 mm. Compared to the relative displacement before reinforcement, the value
increased, resulting in a more pronounced inclination of the shield shaft. After adopt-
ing the isolation pile reinforcement scheme, the horizontal displacement of the shield
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shaft varies uniformly along the height, resulting in a maximum horizontal displace-
ment of 6.26 mm, which occurs in the middle of the side wall near the foundation pit.
The minimum displacement at the top is 5.73 mm, resulting in a relative displacement
value of only 0.53 mm for the shield shaft. This reinforcement method reduces relative
displacement, which means that the inclination of the shield shaft is also reduced.
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(a)Grouting reinforcement plan at the bottom of the pit  (b)Isolation pile reinforcement plan

Fig. 3. Horizontal displacement of shield shaft

The vertical displacement of the shield shaft in Scheme 1 and Scheme 2 is shown in
Fig. 4. The grouting reinforcement scheme at the bottom of the pit resulted in the side wall
(inner side) of the shield tunnel near the foundation pit floating upwards and the outer
side wall sinking. After using isolation piles for reinforcement, the overall structure tends
to sink, with a maximum vertical displacement of 0.32 mm and a downward direction.
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(a)Grouting reinforcement plan at the bottom of the pit  (b)Isolation pile reinforcement plan

Fig. 4. Vertical displacement of shield shaft

4.2 Displacement of Shield Tunnel Segments

The horizontal displacement of the reinforced shield tunnel segment is shown in Fig. 5.
The horizontal displacement variation of the shield tunnel segment after grouting rein-
forcement at the bottom of the pit is similar to that of the unreinforced scheme. The
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maximum horizontal displacement occurs at the bottom of the segment near the shield
shaft, and the minimum displacement occurs at the top of the segment far from the shield
shaft end. After the reinforcement of the isolation pile, the horizontal displacement trend
of the shield tunnel segment changes, and the displacement of the segment is relatively
uniform along the cross-sectional direction. The horizontal displacement of the seg-
ment near the shield shaft is the largest, and gradually decreases along the longitudinal
direction of the segment.
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(a)Grouting reinforcement plan at the bottom of the pit (b)Isolation pile reinforcement plan

Fig. 5. Horizontal displacement of shield segment

The vertical displacement of the reinforced shield tunnel segment is shown in Fig. 6.
After grouting reinforcement at the bottom of the pit, the maximum vertical displacement
occurs at the “arch waist” position near the shield shaft and closer to the foundation pit,
with the displacement direction being upward. The minimum displacement occurs at the
“arch waist” position on the side far from the shield shaft and the foundation pit, with
a downward displacement direction. After using isolation piles for reinforcement, the
vertical displacement change law generated by the shield tunnel segment is similar to the
horizontal displacement change law, that is, the displacement is evenly distributed along
the cross-sectional direction, which also indicates that the existence of isolation piles
makes the segment more evenly stressed during the excavation process of the foundation

pit.
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(a) Grouting reinforcement plan at the bottom of the pit (b)Isolation pile reinforcement plan

Fig. 6. Vertical displacement of shield segment

4.3 Displacement of the Main Structure of Open Excavation

The horizontal displacement of the reinforced open cut main structure is shown in Fig. 7.
After using bottom grouting reinforcement, the maximum horizontal displacement of
the main structure of the open excavation occurs at the bottom plate near the shield shaft,
and the minimum horizontal displacement occurs at the arch far from the shield shaft
end, similar to the pattern in the unreinforced situation. After using isolation piles for
reinforcement, the displacement variation pattern of the open excavation section is con-
sistent with that of the shield tunnel section using the same reinforcement method. The
displacement near the shield shaft is the largest, and there is a clear uniform decreasing
trend along the longitudinal direction of the structure.
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(a)Grouting reinforcement plan at the bottom of the pit (b)Isolation pile reinforcement plan

Fig. 7. Horizontal displacement of open-cut main structure

The vertical displacement of the reinforced open cut main structure is shown in
Fig. 8. After adopting Scheme 1 for reinforcement, the maximum and minimum vertical
displacement of the main structure of the open excavation is similar to that of the shield
tunnel segment. After adopting Scheme 2 reinforcement, the displacement of the main
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structure of the open excavation is similar to that of the shield tunnel segment, with the
maximum vertical displacement occurring near the shield shaft.
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(a) Grouting reinforcement plan at the bottom of the pit (b) Isolation pile reinforcement plan

Fig. 8. Vertical displacement of open-cut main structure

5 Conclusion

(1) Both pre-treatment schemes have played an effective role in controlling the defor-
mation of the diameter line, and the overall inclination of the diameter line structure
is reduced.

(2) The control effect of isolation pile reinforcement on deformation is better than that
of grouting reinforcement at the bottom of the pit. After the reinforcement of the
isolation pile, the deformation of each structure shows a uniform trend, and the stress
situation becomes reasonable compared to the unreinforced one; The decrease in
absolute and relative displacement of the structure after adopting the isolation pile
reinforcement scheme is greater than that of the pit bottom grouting reinforcement
scheme.

(3) When selecting the pre-treatment method, priority can be given to the reinforcement
method of isolation piles.
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