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ABSTRACT 

 

In this paper, the deformation effect on metro structures induced by an adjacent 

project construction in Shenzhen area was studied. The maximum excavated depth is 

over 30m and some of the mega manual-digging piles will be constructed subsequently 

with the top opening diameter of 9.5m. The construction of deep excavation and piles 

were seriously simulated by the three-dimensional numerical simulation method. Based 

on the results of numerical analyses, a series of significant measures were proposed to 

reduce the excessive deformation and risks before pile constructions, such as pressure 

grouting in bedrock joints, etc. The field monitoring indicates that these measures 

effectively restrain the deformation of the metro structures and can be referred as good 

experiences for similar projects. 

 

 

1. INTRODUCTION 

 

Increasing attention has been paid to the stability and deformation induced by the 

excavation as its depth and size increases. Due to its importance, the excavation induced 

deformation has been studied by many researchers. Some researchers: C.-Y. Ou,(1993), 

Marco D (1989), Moorak Son(2005) measured the tunnel deformation due to the adjacent 

excavation and analyze the deformation of the tunnel with the relations to the excavation. 

Chan (1995), Dolezalova (2001), Sharma et al. (2001) adopted finite element method to 

analyze the deformation of the tunnel induced by deep excavation. However, the 

deformations induced by the deep excavation and the following construction of 

large-dimensional manual-digging piles and the effect of their superposition have not 

been studied.  



 

 

In this paper, a project of the deep excavation and the related construction of 

large-dimensional manual-digging piles in Shenzhen was introduced. The deformation of 

adjacent tunnel and the metro structures were analyzed by a three-dimensional finite 

element method. Based on the results of numerical analyses, the corresponding 

countermeasures were proposed to control the deformation. The field monitoring 

indicates that these measures effectively restrain the deformation of the tunnel and other 

adjacent structures and provide valuable references for similar projects in the future. 
 

2. PROJECT OVERVIEW  

 

2.1 Project Overview 

Shenzhen Ping-an Financial Center (SPFC) is a 598m skyscraper with total area of 

18931 m². The basement is five stories and the maximum excavation depth is 33.8 m. 

The original excavation supporting system comprises of bore piles with four rows of 

circular bracing and 2 layers of anchors. The water-cut curtain was constructed by jet 

grouting between bore piles. Most of the piles for foundation have a diameter of 1.4-2.0 m 

with enlarged toe. Particularly, adjacent to the subway tunnel, there are 8 mega-piles with 

diameter of 8.0 m and 16 piles with diameter of 5.7 m. The maximum length of the pile is 

68 m from the ground surface(Fig.1). 

  

Fig. 1 Plane view of the excavation, piles and adjacent structures 
 

Some of important structures, such as the metro line 1, are adjacent to the excavation, 

The maximum distance from the excavation to subway tunnel and the station entrance 

are around only 18 m and 5.3 m, respectively. Therefore, it is essential to control the 

deformation of the tunnel and ensure the maximum deformation is less than 20 mm 

(Fig.2). 



 

 

Fig. 2 Typical cross-section of the supporting system, piles and subway tunnel 

 

2.2 Geology Conditions 

 

The details of soil layers are listed in Table 1. The ground water table is around 

2.20-4.70 m below the ground surface and the phreatic aquifer mainly lies in the medium 

coarse sand, fine silty sand and coarse gravelly sand. The water in the decomposed 

granite is a kind of bedrock fissure water whose artesian pressure head can be as high as 

22 m. 

Table 1 Soil layer properties in the north of excavation 

 

Soil Description 

Average 

Thickness 

 (m) 

Cohesion

(kPa) 

Friction

Angle 

(0) 

Coefficient of 

permeability 

（cm/s） 

Constrained 

modulus 

(MPa) 

Fill  8.8 10 8 5.8e-05 4.5 

coarse gravelly sand 2.4 - 27 0.02 - 

gravelly clay 8.6 22 21 7.0e-5 7.0 

CDG 10.9 35 25 1.7e-4 15.0 

HDG 19.1 45 28 1.9e-4 25.0 

MDG 14.2 - - 3.75e-3 - 

 

To ensure the safety of the subway tunnel and other adjacent structures during the 

deep excavation and construction of large-dimensional digging pile, special attention 

should be paid to the following two aspects: 

 

(1) Control of the horizontal deformation induced by the deep excavation and pile 

construction. 

 

(2) Control of the deformation induced by the dropping of groundwater. The dropping 

of the phreatic aquifer in the excavation and the fissure water in the construction of the 



 

pile will induce vertical settlement, which plays an essential role in the project. 

 

3. THREE-DIMENSIONAL NUMERICAL ANALYSIS 

 

3.1 Modeling 

Three-dimensional numerical program FLAC3D was used to study the coupled 

deformations induced by the deep excavation and dropping of groundwater, and 

associated measures would be proposed to reduce deformation before the construction 

of piles based on the analytical results.  

 

To eliminate the boundary effect, the dimensions of model in the x, y directions are 

340 m, 320 m, corresponding to 2.8 times and 2 times. In the z direction, the depth under 

the final excavation level is 2.5 times of the excavation depth.  

 

The soil and the rock are described by modified cam-clay model and Mohr-Coulomb 

model, respectively. The supporting wall and tunnel lining are assumed to be linear elastic. 

The element type of the pile for excavation supporting, bracing structure and anchor are 

pile element, beam element and cable element in the analysis, respectively. The 

large-dimensional manual-digging pile is simulated by solid element. Meanwhile, the 

subway station is simulated by structural element. Fig. 3. Fig. 4 and Fig. 5 show the 

meshes for the excavation supporting system and the large-dimensional manual-digging 

piles, respectively. 
 

 

Fig. 3 The analytical model in FLAC3D 

 

Fig. 4 Meshes for the excavation supporting system 



 

 

Fig. 5 Meshes for the large-dimensional pile 

 

Table 2 Steps in the numerical analysis 

Step Load Description depth/m 

1 Modeling Generated initial stress - 

2 Initializing 
Set displacement zero and  

preserve the initial stress 
- 

3 Load 1 First dewatering in the excavation -5.0m 

4 Load 2 Excavation and build the first bracing -4.0m 

5 Load 3 Second dewatering in the excavation -11m 

6 Load 4 Excavation and build the second bracing -10m 

7 Load 5 Third dewatering in the excavation -17m 

8 Load 6 Excavation and build the third bracing -16m 

9 Load 7 Forth dewatering in the excavation -24m 

10 Load 8 Excavation and build the forth bracing -23m 

11 Load 9 Fifth dewatering in the excavation -30.5m 

12 Load 10 Excavation and place anchors -29.5m 

13 Load 11 
Dewatering in the excavation for 

construction of large-dimensional piles 
- 

14 Load 12 
Digging the piles,  

releasing the stress and casting 
- 

15 Load 13 
Excavation for the base plate, 

 releasing the stress and casting 

-29.8m、 

-33.8m 

 

3.2 Results During Pit Excavation 

 

Table 3 Deformation induced by deep excavation 

Maximum deformation 

of the tunnel (mm) 

Station 

structure 
Entrance 

Left tunnel Right tunnel 
differential 

deformation

Maximum 

deformation

(mm) 

Maximum 

deformation 

 (mm) 

14.3 12.5 1.8 10 15.8 

 



 

The calculated deformation of the tunnel, subway station and the entrance after step 

10 are tabulated in Table 3. However, the field monitoring indicates that the maximum 

deformation of the tunnel is around 17 mm when the excavation reached the final depth 

-29.5 m, which is larger than the alarming value and close to the maximum control value 

20 mm. Hence, it is essential to reduce the deformation in the following construction of 

large-dimensional manual-digging piles and related groundwater dropping. 

 

3.3 Results During Mega-Piles Construction 

Based on the results after the pit excavation, the deformation induced by the 

construction of the large-dimensional piles was analyzed. Three cases are listed as 

follows: 

 

Case 1: The current water-cut curtain uses rotary jet grouting, which is about 9-16 m 

below the final excavation.  

 

Case 2: The water-cut curtain was installed into the depth where water flow in the 

highly decomposed soil layers can be effectively stopped. 

 

Case 3: The water-cut curtain was installed into the depth of impermeable soil layers. 

(Other measures in this case: The excavation was back filled to the depth -26 m in the 

north side while -28 m in the other sides; installing the fifth bracing instead of original 

anchors). 

 

The final deformations of the subway tunnel, subway station structure and the 

entrance after step 16 using different cases are listed in Table 4.  

 

Table 4 Settlement induced by the construction of large dimensional piles 

 

 

Maximum deformation  

of the tunnels (mm) Maximum deformation  

of the metro station 

(mm) Left tunnel Right tunnel 

Case 1 32.6 29.5 32.7 

Case 2 28.8 26.1 28.8 

Case 3 24.3 22.3 25.0 

 

Based on the above results, following observations can be made: 

 

(1) It is essential to account for the deformation induced by the loss of bedrock fissure 

water during the construction of large-dimensional manual digging piles. Using the 

current water-cut curtain, the maximum deformation of the left subway tunnel and station 

structure can be as large as 32 mm. However, increasing the depth of water-cut curtain, 



 

such deformation can be significantly reduced. For example, the induced deformation can 

be reduced to 25 mm in case 3. 

 

(2) The analysis also indicates that the deformation can not be effectively reduced to 

satisfy the control criteria by increasing the stiffness of the pit shoring system and 

changing pile construction procedures in a condition of the original depth of water-cut 

curtain.  

 

4. MEASURES FOR SETTLEMENT CONTROL 

 

Based on the results of numerical analysis, following measures were used to reduce 

the deformation to meet the control criterion after the excavation: 

 

(1) Enhancing water cut-off measures: (a) before pile construction, deep water-cut 

curtain (from the excavation level to the highly decomposed soil layer bottom level) using 

two rows of high pressure jet grouting was applied. For waterproof in rock layer, the 

pressure grouting technique was applied into rock joints (from the bottom 5 m of the 

above curtain to the depth of 0.5 m below MDG) as the deeper water cut-off curtain; (b) 

construction of recharge wells around the excavation to compensate the loss of 

groundwater and maintain the groundwater table in the non-excavation area. 

 

(2) Increasing the stiffness of the pit shoring system: (a) backfill the excavation near 

the tunnel first and add another row of concrete bracing instead of the original design of 

anchors; (b) place the cushion immediately after excavation; (c) add concrete plates 

within the bracing beams near the tunnel. 

 

(3) Increasing the stiffness of the casing during pile digging: (a) build two rows of 

mini-piles around the casing in advance; (b) using higher strength concrete (Grade 45) 

and reduce the reinforcement spacing in the retaining wall of the digging pile.  

 

5. RESULT OF FIELD MONITORING 

 

In the north side of excavation, the horizontal and vertical displacements of the 

subway structure were monitored by regular monitoring points with interval of 10 m. 

Meanwhile, automatic total station was used to monitor the deformation in the late stage 

of the construction of piles. Other types of monitoring items during pile digging also 

include: pile deflection and settlement, water table monitoring and horizontal deformation. 

 



 

 

Fig.6 The monitoring layout plan adjacent to metro 
 

Fig. 7 shows the deformation of the subway structure against time. Observations can 

be made as follows: 
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Fig. 7 deformation of the subway structure against time 

 

(a) The sharp settlement mainly happened after the forth bracing and anchors 

construction due to the excavation and the big dropping of groundwater; 
 

(b) The deformation increment induced by the mega-pile construction is about 2-4 mm 

with the application of the above proposed measures; 
 
(c) The deformation becomes stable after the pressure grouting curtain in rock joints 

was constructed and the stiffness of supporting system was increased.  
 
(d) The total deformation increases to the maximum value 21.2 mm after the 

completion of mega-pile constructions. The predicted value (24.3 mm) from numerical 

simulation is slightly higher the maximum monitored data. 

 

The monitoring of the groundwater indicates that the groundwater level in the north of 

the excavation increases from -23~-27 m to -16~-18 m when the water-cut curtain and 

recharge well were finished and it remains at -18~-20m  during the construction of 

manual-digging piles. Meanwhile, the monitoring of the deformation indicates that the 

necessary countermeasures, such as increasing the depth of water-cut curtain, 



 

increasing the stiffness of excavation supporting system, etc., effectively reduce the 

deformation of the subway tunnel and adjacent structures. 
 

6. CONCLUSIONS 

 

In this study, the deformation of subway tunnel and adjacent structures induced by 

deep excavation and following construction of large-dimensional manual-digging piles 

was analyzed by 3-dimensional numerical program. Field monitoring was also conducted 

to investigate the effectiveness of various measures to reduce the formation. The major 

findings of the paper can be summarized as follows: 

 

(1) It is necessary to do the analysis for the risk and deformation prediction in a project 

of deep excavation and the following mega-pile constructions. Special countermeasures 

should be per-considered to reduce the deformation. 

 

(2) To provide an efficient waterproof curtain is the key issue to control the possible 

larger settlement of surrounding areas and structures. Deeper jet grouting in soil layer 

and pressure grouting technique applied into rock joints were proved to be efficient to 

keep water table stable in this project.  

 

(3) According to the characteristics of the project, special measures including: 

increasing the stiffness of excavation supporting system and the casing of the 

manual-digging piles, adding the new concrete bracing instead of anchors, etc. play an 

important role in less horizontal deformation and vertical settlement controlling. The field 

monitoring indicates that these measures successfully restrain the deformation and 

ensure the safety of neighboring structures. 
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