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Abstract 

Unloading caused by the excavation of foundation pit will lead to the deformation of the surrounding strata and the adjacent 

metro structures. Excessive structural deformation will threaten the normal metro operation and even the safety of the subway, 

so effective deformation control measures are indispensable. This study takes a deep excavation project neighboring two 

operating metro lines in Shanghai as an example and the deformation control techniques of foundation pit excavation are 

introduced. Overall, the plane division excavation is adopted to reduce the exposed length and the time-space effect of the 

foundation pit. In order to effectively control the deformation of the enclosure structure adjacent to the subway, the high-stiffness 

diaphragm walls are utilized as the retaining structure along the metro sides and the concrete axial force servo system is adopted 

for the second strut to achieve active deformation control. Meanwhile, triaxial cement-soil mixing pile reinforcement is arranged 

inside the pit to enhance the resistance of the passive soil zone. Furthermore, some of the diaphragm walls deepen as penetrating 

curtain to control the adverse environmental impacts of dewatering of micro-confined aquifer. The deformation of diaphragm 

walls and the metro structures is monitored and analyzed. The result shows that the maximum displacements of the diaphragm 

walls and the metro structures are 15.7mm and 4.8mm, respectively, both complying with the relevant deformation control 

standards and verifying the effectiveness of the proposed deformation control methods. 
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1. Introduction 

With the continuous improvement of the urban rail transit 

network in China and the high-intensity land development in 

central urban areas, an increasing number of new foundation 

pit projects are constructed adjacent to operating rail transit 

facilities. Stratum displacement and stress redistribution in-

duced by foundation pit excavation exert direct impacts on the 

mechanical and deformation performance of existing subway 

tunnels and station structures [1-6]. Zhao et al [7] reveal that 

the settlement of tunnel structure shows significant spatiotem-

poral characteristics with the horizontal displacement of the 

foundation pit wall. Chen et al [8] numerically studied the 

movement of shallow tunnel caused by adjacent deep exaction 

on both sides and shown that tunnel heaves because of the 

small distance of the adjacent excavations and the usage of the 

tunnel’s diaphragm as the retaining wall of new excavation. 

http://www.sciencepg.com/journal/ajce
http://www.sciencepg.com/journal/229/archive/2291404
http://www.sciencepg.com/
http://www.sciencepg.com


American Journal of Civil Engineering http://www.sciencepg.com/journal/ajce 

 

274 

Liu et al [9] studied the displacement of subway stations in-

duced by excavation of bilateral foundation pits wit common 

diaphragm walls shared with subway stations, and found that 

the deformation of the subway station is significantly influ-

enced by proximity excavation processes of bilateral founda-

tion pits. Many studies have been conducted to explore the 

impact of foundation pit excavation on the displacement de-

formation of underlying subway [10-13]. Such foundation pit 

projects near subway are confronted with core challenges in-

cluding sensitive surrounding environments, stringent defor-

mation control standards, and prominent construction disturb-

ance risks. Thus different deformation control measures has 

been investigated to protect the metro tunnels adjacent to deep 

excavation pits [14-17]. Wang [17] systematically investi-

gated the analytical methods and proposed various low-envi-

ronment-influence controlling techniques for the defor-

mations due to the deep excavations, such as digital micro-

disturbance soil mixing piles, automatically force-compensat-

ing concrete struts. 

Taking a residential deep foundation pit project in Yangpu 

District, Shanghai as an example, this paper presents the sup-

port scheme and deformation control technologies for deep 

foundation pits adjacent to subways in soft soil areas, and an-

alyzes the deformation monitoring results of the foundation 

pit enclosure structure and subway facilities. 

2. Overview of the Foundation Pit 

Project 

The project is located in Yangpu District, Shanghai, border-

ing Jiangpu Road to the east, Changyang Road to the south, 

Changyang Experimental School to the west, and a residential 

community to the north. The project covers a land area of ap-

proximately 8,193 m2, with planned 17-story residential build-

ings and 1–2 basement floors. The foundation pit has an exca-

vation area of about 6,020 m2, among which the two-basement 

zone occupies roughly 4,480 m2 with an excavation depth of 

10.25 m. 

2.1. Surrounding Environmental Conditions 

The foundation pit is surrounded by an extremely complex 

environment. Metro Line 18 runs beneath Jiangpu Road to the 

east of the pit, and Metro Line 12 is located below Changyang 

Road to the south. To the west stands the 3-story teaching 

building of Changyang Experimental School, with a minimum 

distance of about 4.1 m from the pit. To the north lie 5–6-story 

residential buildings in Lane 989 Jiangpu Road, with a closest 

distance of approximately 5.5 m to the pit. 

 
Figure 1. Schematic diagram of the foundation pit surrounding environment. 
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The main structure of Metro Line 18 is a three-basement 

structure, with a top burial depth of about 3.2 m and a bottom 

burial depth of roughly 23.2 m. The auxiliary ventilation shaft 

has a top burial depth of about 3.2 m and a bottom burial depth 

of approximately 16.1 m. The foundation pit is about 10.0 m 

away from the main structure and ventilation shaft of Metro 

Line 18. 

The main structure of Metro Line 12 is a two-basement 

structure, with a top burial depth of about 4.0 m and a bottom 

burial depth of roughly 17.3 m. The auxiliary entrance has a 

top burial depth of about 4.0 m and a bottom burial depth of 

approximately 9.5 m. The foundation pit is about 9.8 m away 

from the main structure and entrances of Metro Line 12. 

According to the Pre-construction Damage Trend Detection 

of Commodity Residential Project at Plot 02-07, Unit 

C090202, Yangpu District (Shanghai Housing Appraisal (013) 

Certificate No. 2025-015) prepared by Shanghai Geotechnical 

Investigations & Design Institute Co., Ltd., the teaching build-

ing on the west and the residential buildings on the north of 

the foundation pit adopt shallow foundations on natural 

ground, featuring poor deformation resistance, and the build-

ings have suffered varying degrees of inclination and settle-

ment. 

Therefore, reasonable and reliable support measures must 

be taken in the design and construction of the foundation pit 

to protect the adjacent rail transit structures, teaching building 

and residential buildings, and strictly control the additional 

deformation caused by foundation pit construction. 

2.2. Engineering Geological Conditions 

According to the geotechnical engineering investigation re-

port, the project site belongs to a coastal plain landform. From 

top to bottom, the site consists of Layer ② clay, Layer ③ 

silty muddy clay, Layer ④ muddy clay, Layer ④₂ silty sand 

(locally distributed), Layer ⑤₁ silty clay, Layer ⑤₃ silty clay, 

Layer ⑤₄ silty clay, and Layer ⑦ silty sand. 

Phreatic water, micro-confined water in Layer ④₂, and 

confined water in Layer ⑦ are distributed within the site. The 

buried depth of the confined aquifer in Layer ⑦ exceeds 2.5 

times the excavation depth of the foundation pit, so there is no 

risk of confined water inrush during foundation pit excavation. 

The top burial depth of the micro-confined aquifer in Layer 

④₂ is about 19.37 m, and the critical excavation depth for the 

foundation pit to resist confined water is 8.5 m. The excava-

tion depth of the two-basement foundation pit in this project 

is 10.25 m, and the excavation depth of local water collecting 

wells reaches 12.65 m, both exceeding the critical excavation 

depth. Accordingly, measures must be taken to lower the mi-

cro-confined water head inside the pit to prevent foundation 

pit inrush and control the impacts of confined water draw-

down on the surrounding environment. 

Table 1. Physical and mechanical properties of soil layers. 

Layer No. Soil name Unit Weight/ (kN·m⁻³) Cohesion/kPa Internal Friction Angle / (°) 

② Clay 18.7 21 16.5 

③ Silty muddy clay 18.0 10 22.5 

④ Muddy clay 16.7 12 10.5 

④₂ Sandy silt 18.5 5 29.5 

⑤₁ Silty clay 18.2 16 18.5 

⑤₃ Silty clay 18.3 17 18.0 

 

3. Foundation Pit Support Design 

3.1. Difficulties in Foundation Pit Support 

Design 

Metro Line 18 is located beneath Jiangpu Road to the east 

of the foundation pit, and Metro Line 12 runs below Chang-

yang Road to the south. The excavation boundary of the foun-

dation pit is about 9.8–10.0 m away from the main structure 

and auxiliary structures of the metro. In accordance with the 

Shanghai engineering construction code Technical Standard 

for Safety Protection of Urban Rail Transit Structures (DG/TJ 

08-2024-2023) and the requirements of the metro supervision 

department, the foundation pit of this project lies within the 

rail transit protection area. The environmental protection level 

of the foundation pit on the metro side is Grade I, the maxi-

mum lateral displacement control index of the foundation pit 

enclosure structure is 1.8‰H (H refers to the foundation pit 

excavation depth), the deformation of the metro structure shall 

be controlled within 10 mm, and no water leakage is allowed 
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at the joints of the metro structure. Thus, controlling the addi-

tional deformation imposed on surrounding protected objects 

by foundation pit construction is the primary task in the design 

and construction of this project. 

In addition, the micro-confined aquifer of Layer ④₂ is lo-

cally distributed in the site, bringing a risk of micro-confined 

water inrush during the excavation of the two-basement foun-

dation pit. Controlling the micro-confined water head inside 

the pit during construction, preventing micro-confined water 

inrush, and mitigating the impacts of dewatering on the sur-

rounding environment are also key points in the design and 

construction of this foundation pit project. 

3.2. Foundation Pit Support Design Scheme 

Given the extremely strict deformation control require-

ments for the rail transit environment on the east and south 

sides of the foundation pit and the risk of micro-confined wa-

ter inrush during the excavation of the two-basement founda-

tion pit, targeted technical measures are adopted in the foun-

dation pit support design for deformation control and micro-

confined water control to ensure the smooth implementation 

of the project. 

3.2.1. Overall Scheme of the Foundation Pit 

Pursuant to the relevant provisions of the Shanghai engi-

neering construction code Technical Standard for Foundation 

Pit Engineering (DG/TJ 08-61-2018), the safety level of the 

one-basement foundation pit is Grade III, and that of the two-

basement foundation pit is Grade II. The environmental pro-

tection level of the foundation pit on the east, south sides and 

adjacent to the teaching building and residential buildings is 

Grade I, while other areas are Grade II. 

Combined with the distribution of basement floors, project 

progress and metro protection, the foundation pit support de-

sign adopts the plane division following the principle of “deep 

first, shallow later”. The two-basement foundation pit is exca-

vated first, and the one-basement foundation pit is excavated 

after the two-basement zone is completed to the ground floor 

elevation. Division excavation controls the exposed scope of 

foundation pit excavation, effectively reduces the time-space 

effect of excavation unloading, and minimizes the impacts on 

the metro. 

According to the project characteristics, the foundation pit 

support generally adopts the structural form of plate enclosure 

+ internal bracing. Diaphragm walls are used as the enclosure 

structure for the two-basement foundation pit on the metro 

side, and bored piles are adopted for the other sides of the two-

basement foundation pit and the one-basement foundation pit. 

Two reinforced concrete internal braces are set in the two-

basement zone, and one reinforced concrete internal brace is 

arranged in the one-basement zone. Focusing on the research 

theme of this paper, only the foundation pit support on the 

metro side of the two-basement foundation pit is introduced in 

detail. 

 

Figure 2. Layout plan of the foundation pit enclosure structure. 
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3.2.2. Enclosure Structure Design 

An 800 mm-thick diaphragm wall is designed as the foun-

dation pit enclosure structure on the metro side of the two-

basement foundation pit. In line with the stability control re-

quirements of the foundation pit, the depth of the diaphragm 

wall is 22.5 m. 

Triaxial cement-soil mixing piles are installed for trench 

wall reinforcement on both the inner and outer sides of the 

diaphragm wall. The pile bottom depth of the outer mixing 

piles is consistent with that of the diaphragm wall, and the in-

ner mixing piles are the same as the internal pit reinforcement 

in terms of pile bottom depth. Trench wall reinforcement im-

proves the trench stability during diaphragm wall construction 

and reduces additional deformation caused by diaphragm wall 

construction. Before the construction of mixing piles, test 

piles shall be adopted to verify construction parameters and 

control the impacts of mixing pile construction on the sur-

rounding environment. 

3.2.3. Support System Design 

Two reinforced concrete internal braces are arranged in the 

two-basement zone. To better control the deformation of the 

enclosure structure and the additional deformation of the 

metro structure on the adjacent metro side, a concrete axial 

force servo system is installed on the metro side. The concrete 

axial force servo system applies graded loading of 500 kN, 

1,000 kN, 1,500 kN and 2,000 kN in accordance with the 

strength development of the concrete. If the deformation of 

the enclosure structure or metro structure reaches 80% of the 

alarm value during excavation, continuous loading at 250 kN 

per stage up to 3,000 kN can be implemented. 

Reinforced concrete braces feature high rigidity and favor-

able deformation control performance. The concrete axial 

force servo system enables the support system to exert its de-

formation control capacity as early as possible, and actively 

controls the deformation of the enclosure structure by apply-

ing thrust, thereby reducing the impacts of foundation pit ex-

cavation unloading on the metro structure. 

3.2.4. Internal Pit Reinforcement Design 

To better control the deep horizontal displacement of the 

enclosure structure during foundation pit excavation, triaxial 

cement-soil mixing pile skirt reinforcement is adopted, with a 

reinforcement width of 8 m and a reinforcement depth ranging 

from the bottom of the first brace to 6 m below the pit bottom. 

The cement content is 20% below the second brace and 13% 

above the second brace. Skirt reinforcement improves the me-

chanical properties of soil in the passive zone and reduces the 

deformation of the enclosure structure and surrounding pro-

tected objects caused by excavation unloading. 

3.2.5. Micro-Confined Water Control Design 

The micro-confined aquifer of Layer ④₂ is locally distrib-

uted on the south side of the foundation pit adjacent to Metro 

Line 12, leading to a risk of micro-confined water inrush dur-

ing two-basement excavation. Therefore, pressure relief wells 

are arranged inside the pit to draw down the micro-confined 

water and lower the water head so as to prevent foundation pit 

inrush. The pressure relief wells adopt 273 mm-diameter steel 

pipe wells with a depth of 27 m, a filter pipe top burial depth 

of 21 m and a filter pipe length of 5 m. 

To avoid the drop of the water level outside the pit caused 

by the drawdown of micro-confined water inside the pit and 

threats to the safety of surrounding protected objects, ex-

tended diaphragm walls and triaxial mixing piles are used to 

cut off the micro-confined aquifer. According to the geotech-

nical engineering investigation report, the diaphragm wall in 

the distribution area of the micro-confined aquifer of Layer 

④₂ is extended to 30.7 m, and the triaxial cement-soil mixing 

piles outside the diaphragm wall are extended synchronously. 

 
Figure 3. Enclosure profile adjacent to Metro Line 18. 
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Figure 4. Enclosure profile adjacent to Metro Line 12. 

4. Analysis of Foundation Pit Project 

Implementation 

4.1. Implementation of the Foundation Pit 

Project 

The construction of engineering piles and enclosure piles of 

the project commenced on May 7, 2025. The two-basement 

structure was completed to the ground floor elevation on Jan-

uary 23, 2026, and the earth excavation of the one-basement 

foundation pit started then. The one-basement structure was 

finished to the ground floor elevation on March 31, 2026. The 

construction conditions of the two-basement foundation pit 

are as follows: 

Condition 1: Construction of the foundation pit enclosure 

structure; 

Condition 2: Excavation of the first layer of earth and con-

struction of the first concrete brace; 

Condition 3: Excavation of the second layer of earth, con-

struction of the second concrete brace, and installation of the 

concrete axial force servo system; 

Condition 4: Excavation of the third layer of earth to the pit 

bottom, construction of the cushion and bottom slab; 

Condition 5: Sequential removal of concrete braces and 

synchronous construction of the basement structure. 

During the construction of the foundation pit project, the 

construction unit entrusted a testing institution to conduct full-

process monitoring of the foundation pit enclosure structure 

and surrounding environment, and carried out real-time super-

vision of the metro structure, guiding the construction ar-

rangement based on monitoring results. The monitoring and 

metro supervision results show that the additional deformation 

caused by foundation pit construction to the main structure 

and auxiliary facilities of the metro, residential buildings and 

teaching building all meet the deformation control require-

ments, and the deformation of all protected objects is safe and 

controllable. 

4.2. Analysis of Monitoring Results 

 
Figure 5. Deep horizontal displacement of the east enclosure struc-

ture. 
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Figure 6. Deep horizontal displacement of the south enclosure struc-

ture. 

Figure 5 and Figure 6 present the deep horizontal displace-

ment of the enclosure structure at typical locations adjacent to 

Metro Line 18 on the east side and Metro Line 12 on the south 

side of the foundation pit. It can be seen that the maximum 

horizontal displacement of the enclosure structure on the east 

side of the foundation pit is about 15.7 mm, and that on the 

south side is approximately 15.5 mm, both less than 1.8‰H, 

satisfying the code requirements for enclosure structure defor-

mation. This indicates that measures including adopting high-

stiffness diaphragm walls as the foundation pit enclosure 

structure, applying the concrete axial force servo system for 

the second brace, and setting passive zone soil reinforcement 

can effectively control the deformation of the foundation pit 

enclosure structure and reduce the impacts of foundation pit 

construction on the surrounding environment. 

By comparing the deep horizontal displacement of the en-

closure structure under Condition 3 and Condition 4, it is 

found that with the increase of foundation pit excavation depth, 

the deep horizontal displacement of the enclosure structure in-

creases gradually, the buried depth of the maximum displace-

ment point deepens progressively, and the horizontal displace-

ment near the pit bottom is the largest, which is consistent with 

the development law of deep horizontal displacement of foun-

dation pit enclosure structures in Shanghai. However, the de-

formation of the enclosure structure above the second brace 

does not change significantly with the increase of excavation 

depth, which is mainly attributed to the application of the con-

crete axial force servo system for the second brace that effec-

tively controls the horizontal deformation of the foundation 

pit at this position. 

By comparing the deep horizontal displacement of the en-

closure structure under Condition 4 and Condition 5, it is re-

vealed that during the period of bottom slab pouring, internal 

brace removal and basement back-construction, the horizontal 

displacement of the enclosure structure increases slightly, es-

pecially the part below the pit bottom. This is because the bot-

tom slab poured to the edge of the enclosure pile can well re-

strict the deformation of the enclosure structure. 

The metro monitoring results show that during the construc-

tion of the foundation pit project, the deformation of adjacent 

metro main structures and their auxiliary facilities is less than 

5 mm, meeting the metro deformation control requirements. 

Figure 7 shows the settlement time-history curve at the po-

sition with the maximum cumulative metro deformation. It 

can be seen that the entrance of Metro Line 12 experienced 

large settlement during enclosure pile construction and small 

deformation during foundation pit excavation; the track of 

Metro Line 12 settled slightly during enclosure structure con-

struction and rose significantly during excavation; the track 

and ventilation shaft of Metro Line 18 showed uplift during 

both enclosure structure construction and excavation. After 

the completion of foundation pit back-construction, the defor-

mation of adjacent metro structures and their auxiliary facili-

ties tended to be stable. The maximum displacement of the 

metro structures is 4.8mm, which complies the deformation 

control standards. 

 
Figure 7. Settlement time-history curve of surrounding metro structures. 

http://www.sciencepg.com/journal/ajce


American Journal of Civil Engineering http://www.sciencepg.com/journal/ajce 

 

280 

 

5. Conclusions 

Taking a residential deep foundation pit project in Shanghai 

as an example, this paper introduces the key points of enclo-

sure design for deep foundation pits adjacent to subways in 

soft soil areas. Following the principle of division sequential 

construction (deep first, shallow later), targeted technical 

measures such as high-stiffness diaphragm walls, concrete ax-

ial force servo system, passive zone skirt reinforcement, triax-

ial cement-soil mixing pile trench wall reinforcement, and ex-

tended diaphragm walls to cut off the micro-confined aquifer 

are adopted to control the additional deformation of adjacent 

metro structures caused by foundation pit construction. 

Based on the project implementation, foundation pit moni-

toring and metro supervision results, the technical measures 

adopted in the foundation pit support design have effectively 

controlled the impacts of foundation pit excavation unloading 

on the surrounding environment and ensured the safety and 

normal operation of metro structures. 
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