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1. Introduction 
 

Continuing urban development making available 

underground space constantly reduced, leading to more and 

more underground projects facing complex construction 

environment and strict construction requirements. At the 

same time, more attentions have been paid to the 

deformation and destruction of surrounding buildings 

caused by excavation. Excavation adjacent to the buildings 

will cause the deformation of the ground and settlement, 

deflection and even crack of the nearby buildings (Capraru 

and Adam 2014, Rotisciani et al. 2016, Xiang et al. 2018, 

Zhang et al. 2018, Zhang et al. 2018, Nisha et al. 2019, 

Qian et al. 2020, Liu et al. 2022a). The influence of deep 

excavations on surrounding piles is mainly reflected in the 

change of stress on pile - soil interface, which leads to 

settlement and lateral displacement of the piles and the 

surrounding soils simultaneously. Related researches mainly 

focus on the load transfer mechanism of the piles (Zhen et 

al. 2012, Ng et al. 2017, Li et al. 2019) and main 

influencing factors (Korff 2013, Soomro et al. 2019). 

                                           

Corresponding author, Associate Research Fellow 

E-mail: zhouxh2008@126.com 
**Corresponding author, Professor 

E-mail: liuxrong@126.com 

 

 

Bottom-up method is usually used to construct deep 

excavations with small volume, relatively simple 

environment and less construction difficulty due to the 

lower construction cost and the faster construction speed 

(Khoiri and Ou 2013, Chen et al. 2015, Whittle et al. 2015, 

Orazalin et al. 2015, Hsiung et al. 2016, Lim et al. 2016, 

Houhou et al. 2019, Mansouri and Asghari 2019).  

Compared with bottom-up method, top-down method 

can not only provide stronger supporting conditions, but 

also meet the traffic demand during construction, and is 

widely used in urban deep excavations (Arboleda-Monsalve 

and Finno 2015, Jamsawang et al. 2017, Jamsawang et al. 

2019). Most of the metro stations are located in dense urban 

areas. Considering the deformation of the surrounding 

buildings and the traffic demand, top-down method is 

usually adopted (Likitlersuang et al. 2013, Hsiung et al. 

2018, Guo et al. 2019). Semi-covered method is a new 

construction method which was first put forward and 

applied in the construction of the New Northeast Line of 

Singapore Rail Transit (Mitchell et al. 2000). And it has 

been used and improved over the last 20 years (Talha 2001, 

Tian et al. 2010, Li et al. 2013, Tan et al. 2017, Liu et al. 

2019). It is inherently a bottom-up method and has all the 

advantages of the bottom-up method, but it can effectively 

relieve the traffic during the construction due to the cover 

plate. Besides, the cover plate has stronger stiffness than 

struts, and is no doubt helpful to control the soil  
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deformation near the pit. 

In existing literatures, Talha (2001), Tian et al. (2010) 

carried out the numerical simulation of semi-covered deep 

excavations in Kuala Lumpur and Singapore, respectively, 

which proves the positive role of semi-covered method in 

limiting soil deformation. Li et al. (2013) studied the basal 

heave of a semi-covered excavation from the aspect of 

width-depth ratio and retaining structure size. Liu et al. 

(2019) proposed that the semi-covered supporting system is 

an asymmetric structure because of the cover plate and 

cover plate load, and discussed the deformation of the 

supporting structures. However, these researches mainly 

focused on a certain semi-covered excavation. The 

characteristics of semi-covered supporting structures are not 

discussed too much. In addition, the influence of building 

loads on the asymmetric supporting system is not 

mentioned. Tan et al. (2017) discussed the influence of a 

semi-covered deep excavation in Shanghai on the adjacent 

buildings through monitoring analysis and numerical 

simulation. The difference of deformation characteristics of 

excavations and retaining structures between semi-covered 

method, bottom-up method and top-down method was 

analyzed. However, it didn’t show how adjacent buildings 

affect the semi-covered excavations, and the influence 

mechanism of the semi-covered structures was not revealed 

clearly enough. In addition, there is no research on the 

situation that the supporting structures doesn’t embedded 

 

 

into rock under the condition of semi-covered excavation, 

and its rationality and reliability are worth discussing. 

Based on the semi-covered deep excavation of Shanxi 

Road Subway Station in Nanjing, the shallow foundation 

building D and the pile foundation high-rise building C 

were selected as the existing buildings to discuss the 

establishment of the numerical model and the determination 

of the vehicle load on the cover plate. After verification by 

field data, the building storeys, the basement storeys, the 

pile length, the existence of the cover plate and the depth of 

the diaphragm walls were selected as variables, and 44 

groups of simulation were designed. Based on the existing 

research results of the deep excavation deformation, the 

deformation response mechanism of semi-covered deep 

excavations under existing buildings was studied, and the 

coordination deformation mechanism between semi-

covered supporting structures and excavations was 

discussed, so as to fill the gap in this field. 
 
 
2. Engineering background 

 
2.1 Project description 
 
The Shanxi Road Subway Station is located in a busy 

city with heavy traffic in Nanjing, Jiangsu Province, China. 

The station is an underground two-storey island platform  

 
Fig. 1 Location of the foundation pit and the surrounding environment (The map on the top left is obtained from Omap 

and that on the left bottom is from Baidu Map; A-G are the surrounding buildings) 
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station located at the intersection of North Zhongshan Road, 

West Shanxi Road and Hunan Road. The station is 272.80 

m long and the width of the standard section and the end 

well are 21.10 m and 25.30 m, respectively. The depth of 

the standard section and the end well are 16.60 m and 17.93 

m, respectively, with about 3.08 m depth soil above the 

roof. The location of the excavation and surrounding 

buildings are shown in Fig. 1. Limited by the site 

conditions, the semi-covered method is adopted, and the 

cover plate is used to relieve traffic. Fig. 2 shows the 

schematic diagram of the semi-covered supporting system 

of the excavation. 

 
2.2 Ground condition 
 
The foundation pit is located in the floodplain area of 

the Qinhuai River, where soft soil and sandy soil are thick.  

The stratigraphic profile of the excavation can be seen in 

Fig. 2. The physical and mechanical parameters of the strata 

are shown in Table 1, in which part of the parameters were 

derived from the geological prospecting report made for the 

 

 

 

project, and parameters about MCC model were obtained 

from the laboratory test, including consolidated undrained 

triaxial shear test and isotropic consolidation test. The 

elastic modulus was determined as 3~5 times the 

compression modulus, the slope of the critical state line was 

determined according to consolidated undrained triaxial 

shear test, and the slopes of the normal consolidation curve 

and the rebound curve were determined according to 

isotropic consolidation test. 
The excavation is located in a saturated weak pervious 

layer, with the ground water level of 1.20 m ~ 2.60 m, and 
an annual variation of about 1.0 m. The permeable layer is 
mainly consist of filled soil, silty sand and gravel layer, 
while the rest of the strata are relatively impermeable layer. 
 

2.3 Surrounding buildings 
 
The main buildings around the station are shown in Table 

2, and the positional relations are shown in Fig. 3. The main 

characteristics of the surroundings are: 1) several buildings 

with different storeys and foundation forms are near the pit in  

 
Fig. 2 Schematic diagram of the semi-covered deep excavation of Shanxi Road Subway Station 

Table 1 Physical and mechanical parameters of the strata 

Layer Strata 
Average thickness Unit weight M λ к vλ E μ c' φ' T 

m kN/m3 - - - - MPa - kPa ° MPa 

① Miscellaneous fill 1.0 22.0 - - - - 2 0.15 5.0 25.0 0.0 

② Plain fill 1.0 18.5 - - - - 4 0.18 10.0 10.0 0.0 

③ Silty sand 7.0 19.6 - - - - 15 0.31 6.2 32.1 0.0 

④ Mucky silty clay 8.0 17.6 0.98 0.128 0.024 3.3 6 0.39 14.4 17.0 0.0 

⑤ Silty clay 15.0 19.5 1.13 0.088 0.017 3.3 12 0.30 35.5 15.6 0.0 

⑥ Highly decomposed volcanic rock 3.0 22.0 - - - - 130 0.23 100.0 33.0 7.0 

⑦ 
Moderately decomposed volcanic 

rock 
- 25.7 - - - - 15000 0.19 300.0 36.0 10.0 

(M is slope of the critical state line in q’-p' space for MCC; λ and к are slopes of the normal consolidation curve and the rebound curve, respectively; vλ is 

parameter determined by the position of the normal consolidation curve; E is Young’s modulus; μ is Poisson’s ratio; c’ is effective cohesion; φ’ is effective 
friction angle; T is tensile strength.) 
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close distances; 2) one side of the pit is buildings while another 

side is clear. The asymmetric load on both sides will make the 

pit move to one side, thus enlarging the soil deformation 

around the buildings. Besides, different building storeys and 

foundation forms will reflect different responses to 

deformation. Many cases show that the buildings near the 

excavation often have large total settlement or heterogeneous 

settlement, and even cause the building cracking. 

 
2.4 Construction procedure 
 
It is divided into 12 construction sections along the 

length of the foundation pit, and each stage of construction 

is similar. The construction procedure of the standard 

section is shown in Fig. 4. In the process of the foundation 

pit excavation, tube well dewatering was used with open 

ditch drainage. 

 

 

 

Each step in Fig. 4 is as follows: 

①Constructing underground diaphragm walls, center 

columns and column piles; 

②Excavating the first layers and constructing the first 

concrete struts and cover plate; 

③Excavating the following layers and constructing the 

following steel struts; 

④Constructing the concrete cushion and the main 

structure after excavating to the base; 

⑤Removing the fourth struts and continue to 

constructing the main structure; 

⑥Removing the second struts and finishing the 

construction of the main structure; 

⑦Removing the remaining struts, cover plate and 

middle column, backfilling the soil. 

 

Table 2 The main buildings around the pit 

Building Location 
Building storeys 

/Basement storeys 
Structural form 

A (Shanxi Road 

Department Store) 

7.1 m south of the 

foundation pit 
6/0 

Frame structure, pile foundation with precast square piles (side length 

of 450 mm and pile length of 36 m) 

B (Suning Universal) 
25.6 m south of the 

foundation pit 
8/3 

Frame shear wall structure, basement burial depth of 13 m, pile 

foundation with bored piles (pile diameters of 800 mm and 1200 mm 

and pile length of 25 m) 

C (Jinshan Mansion) 
15.4 m south of the 

foundation pit 
35/3 

Frame structure, basement burial depth of 14 m, pile foundation with 

bored piles (pile diameters of 1000 mm and 1200 mm and pile length 

of 30 m) 

D (Private house) 
10.8 m south of the 

foundation pit 
4/0 Brick and concrete structure, shallow foundation 

E (Xinyong Culture and 

Sporting Goods Mall) 

7.8 m south of the 

foundation pit 
7/0 Brick and concrete structure, shallow foundation 

F (Heping Studio 

Entertainment City) 

6.5 m north of the 

foundation pit 
5/1 

Frame structure, pile foundation with precast square piles (side length 

of 450 mm and pile lengths of 23 m and 25 m) 

G (Bank of 

Communications, Nanjing 

Sub-branch） 

6.7 m north of the 

foundation pit 
24/1 

Frame structure, basement burial depth of 5.5 m, pile foundation with 

bored piles (pile diameter of 1200 mm and pile length of 33.8 m) 

 
Fig. 3 Positional relations of the buildings around the station (A (6/0) means building A has 6 storeys and 0 basement 

storeys) 
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Underground diaphragm walls and four horizontal struts 

were used to supporting the excavation (as shown in Fig. 2). 

The penetration depths of the 800 mm thick underground 

diaphragm walls in the standard section and the end well are 

13.50 m and 14.50 m, respectively, and the bottom of the 

diaphragm walls is in silty clay. The first strut is concrete 

strut with the horizontal spacing of 6.0 m, and half of which 

is covered with the 10.0 m wide cover plate. The other three 

are steel struts, with the horizontal spacing of 3.0 m and the 

vertical spacing of about 4.5 m. Specific sizes and 

parameters of supporting structures are shown in Table 3, in 

which the materials and size are from the design document, 

and other parameters were determined by referring to 

Yang’s (2020) paper and Yu’s (2018) paper. 

 
 
3. Numerical simulation 
 

3.1 Parameters 
 
Numerical analyses were carried out using the 3D finite 

difference software FLAC3D5.0, and Midas GTS NX was 

used to help building the model. The Modified Cam-Clay 

(MCC) model, which is based on the critical state theory, is 

 

 

 

 

one of the most widely used constitutive models for clay, 

and thus was used in the simulation of mucky silty clay and 

silty clay in the paper (Huang et al. 2011, Liu et al. 2019, 

Yang et al. 2020). And the remaining soils and rocks are 

calculated by Mohr-Coulomb model (Liu et al. 2019, Liu et 

al. 2022b). The physical and mechanical parameters of each 

layer are shown in Table 1. 

In which, the friction constant M is the slope of the 

critical state line and can be calculated by the following 

formula 

6sin '
=

3 sin '
M



  
(1) 

Where '  is the effective angle of internal friction. 

λ and к are the slopes of the normal consolidation curve 

and the rebound curve, respectively, and к can be 

determined between (1/5 ~ 1/3) λ. 

vλ and p1 are determined by the position of the normal 

consolidation curve. p1 is generally assumed to be 1 kPa, 

then vλ can be obtained by undrained shear strength cu, 

friction constant M, λ and к by the following formula 

1 exp( )
2

cr
u

vMp
c



 


 
(2) 

 

 
Fig. 4 Construction procedure of the standard section of the station 

Table 3 Sizes and parameters of supporting structures 

Supporting structure Materials 

Size Density Elastic modulus Poisson’s ratio 

mm 
ρ 

kg/m3 

E 

GPa 

μ 

- 

Underground diaphragm walls 

C35 concrete 

HRB400 steel 

800 

2500 30 0.2 
Concrete cover plate 300 

Concrete strut 800×1000 

Concrete pillar pile φ1000 

Steel strut 
Q345B steel 

φ609×16 
7800 200 0.3 

Steel lattice column 500×500 
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( ) ln(2)v     
 

(3) 

Where   is the intercept of the normal consolidation 

curve on v axis, vcr is the particular specific volume. 

Bulk modulus K and shear modulus G can be calculated 

by 

 
=

3 1-2

E
K


 

(4) 

 
=

2 1+

E
G

  
(5) 

Elastic constitutive model was adopted to reflect the 

constitutive relationships of the supporting structures, and 

the parameters were listed in Table 3. The parameters of the 

high-rise building basement are the same as that of 

diaphragm walls. The dimensions and parameters of pile 

foundation are the same as those of concrete column piles. 

The parameters of the contact surface recommended in 

FLAC3D manual is that the normal stiffness Kn and 

tangential stiffness Ks can be 10 times the equivalent 

stiffness of the surrounding “hardest” adjacent area (Yu et 

al. 2018), i.e. 

min

4

3
= =10 maxn s

K G

K K
z

  
  

  
 

    

(6) 

Where K is the bulk modulus of the surrounding 

“hardest” adjacent area, G is the shear modulus of the 

surrounding “hardest” adjacent area, and Δzmin is the 

minimum size of the connection area. 

The cohesion c and friction angle φ of the contact 

surface can be 0.5 ~ 0.8 times of the adjacent soil layer. 

The parameters of the contact surface are shown in 

Table 4, in which the parameters were determined through 

FLAC3D manual and several trials until the contact surface 

shows correct contact behavior. 

 

3.2 Cover plate load 
 
3.2.1 Simplified method 
The pavement slab is simplified as a plate model. 

Uniformly distributed load and concentrated load are both 

commonly used as load patterns. 

(1) Uniformly distributed load 

For the situation that vehicle is small and traffic flow is 

dense, it is more appropriate to make the vehicle load as 

uniformly distributed load. The uniformly distributed load 

 

 

Table 4 Parameters of the contact surface 

Location 

Normal 

stiffness 

Shear 

stiffness 
Cohesion Friction angle 

Kn 

GPa/m 

Ks 

GPa/m 

c 

kPa 

φ 

° 

Side of the 

wall 
0.016 0.016 10 16 

Bottom of 

the wall 
0.15 0.15 70 23 

 

 
(a) Uniformly distributed load 

 
(b) Concentrated load 

Fig. 5 Simplified methods of vehicle loads 

 

 

is usually 10.0-20.0 kPa, and the value can reach 30.0 kPa 

when there is heavy construction equipment or heavy traffic 

(Shu 2019). The width is according to the actual situation, as 

Fig. 5(a) shows. 

 

(2) Concentrated load 

Generally, the load of heavy vehicles is considered to 

concentrated load, and the acting position is the center of the 

wheel (Shu 2019). According to the design document, the load 

of the temporary pavement system adopts the City-A class 

vehicle load standard in China, which stipulates the form that 

the five-axle truck is loaded with a total weight of 700.0 kN. 

The detailed load distribution is shown in Fig. 5(b). 

The vehicle's dead weight load should be multiplied by 

the impact factor to reflect the impact of vehicle driving on 

the road surface according to AASHTO LRFD Bridge 

Design Specifications (US-2007).The Standard of Loading 

for the Municipal Bridge Design (CJJ 77-1998) in China 

stipulated that steel supports, rubber supports or reinforced 

concrete column piers and abutments, as well as the 

superstructures of steel bridge, reinforced concrete bridge, 

prestressed concrete bridge, concrete bridge and masonry 

arch bridge, should be designed considering the impact of 

vehicle loads. Multiply the car load by the impact factor μ 

to get the impact force of the car load, as is shown in the 

equation below 

=0.6686-0.30321log L  
(7) 
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(a) Elevation graph 

 
(b) Plan graph 

Fig. 6 Load distribution on the cover plate in calculation model 

 

 

Where L is the span of the superstructure (m). 

The maximum impact factor μ shall not exceed 0.4 

 

3.2.2 Cover plate load in simulation 
According to the actual situation, the dregs truck 

running in the range of 4.5 m outside the diaphragm walls, 

the load of which was applied on the cover plate as the form 

of concentrated load. For security reasons, the distance 

between two dregs trucks should not be less than 8 m in 

actual construction, so the distance between the last wheel 

of the front truck and the first wheel of the rear truck was 

determined to be 12.0 m. A uniformly distributed load of 

20.0 kPa was applied to 5.5 m inside the diaphragm walls 

and 4.0 m outside the diaphragm walls as normal traffic 

load (Shu 2019). 

The span of the cover plate is 10.0 m, and the calculated 

impact factor μ is about 0.37. Considering the actual mesh 

size and the truck size, the load distribution of the cover 

plate in simulation is summarized in Fig. 6. 

3.3 Calculating model 

 

There are 7 buildings around the deep foundation pit. 

Considering the position and characteristics of the 

buildings, building D and building C were selected as 

examples to establish the numerical models and verify the 

accuracy of the simulation. 

To eliminate the boundary effect, the left side of the 

model is 50.0 m from the pit edge, and the right side is 

100.0 m and 144.0 m from the pit edge for building D and 

building C, respectively. The widths of the both models are 

154.0 m. The heights of the models are 50.0 m because 

moderately decomposed volcanic rock is 18.0 m below the 

basal, which can resist deformation strongly. Building D is 

located 10.8 m from the edge of the excavation, with the 

range of 20.0 m, while building C is located 15.8 m from 

the edge of the excavation, with the range of 40.0 m. The 

simulation model of the building D contains 60824 nodes 

and 91820 elements, and those of the building C contains 

270392 nodes and 301362 elements. The details of the 

models are shown in Fig. 7. 

The bottom boundary of the models was fixed totally while 

the top surface was left free. The lateral sides of the model 

were fixed in the horizontal direction while vertical movement 

was allowed. The cover plate load was applied to the whole 

cover plate and in the range of 4.0 m outside the diaphragm 

walls. The building load was decided to be 15.0 kPa/floor. A 

concentrated force outside the foundation pit was applied at the 

joint of the steel struts and the diaphragm walls to simulate the 

pre-loading axial force of the steel struts, with the magnitude 

800.0 kN for the first steel struts and 600.0 kN for the second 

and third steel struts according to the design document of the 

excavation. The initial groundwater level was set at 2.0 m 

under the surface, and was dewatered to 1.0 m below the 

excavation surface before each excavation step. 

The detailed numerical simulation steps are: 1) initialing 

in-situ stress equilibrium; 2) defining the surrounding buildings 

and solving, setting the displacement to zero; 3) installing 

diaphragm walls, the first struts and the cover plate, excavating 

the first layer; 4) installing each struts and excavating each 

layer until to the bottom. 

 
 
4 Comparison with field monitoring data 

 
The deformation of excavations and retaining structures is 

usually concerned in engineering. Because of the few 
measuring points of surface settlement, there is no comparison 
about it. 

 
4.1 Building D 
 

Fig. 8 shows the deformation of the diaphragm walls and 

the building settlement of the building D section after 

excavation. Fig. 8(a) shows the lateral movement of the 

diaphragm walls, indicating that the monitoring data and the 

simulation results reflect the same characteristics. Affected by 

building and cover plate, the top of the diaphragm walls on 

both sides have the trends to moves away from the building. 

Besides, the asymmetric loads also lead to larger lateral 

movement of the building side. The maximum lateral  
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displacement occurs on the excavation surface. Because the 

diaphragm walls are not embedded into rock, a certain lateral 

displacement into the pit was occurred on the bottom. Due to 

some actual interference factors, the monitoring data are more 

fluctuated along the depth, while the simulation results are 

relatively smooth. 

Fig. 8 (b) shows the settlement of the building D. Due to 

the “L” shape of the building, it was constructed in two 

parts. There are sixteen settlement measuring points around 

the building D, of which five are located in part 1, and the 

remaining eleven are located in part 2 (Fig. 8(b)). It can be 

seen that the settlement of part 1 is larger than simulation, 

and the settlement of part 2 is in good agreement with 

simulation. The reason is that in simulation, the segmented 

 

 

 

construction of the building was ignored, resulting in the 

overall coordinated deformation of the two parts and the 

inconsistency between the simulation results and the 

monitoring results about part 1. In general, the building 

settlement is greater when the distance from the excavation 

is closer, and the relationship between the settlement value 

and the distance is obviously linear. The part away from the 

excavation even uplift due to the overall rotation of the 

building. 

 
4.2 Building C 
 

Fig. 9 shows the deformation of the diaphragm walls and 

the building settlement of the building C section after  

 

Fig. 7 Calculating models 
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(a) Lateral movement of diaphragm walls (b) Building settlement 

Fig. 8 Deformation of building D section after excavation (In Fig. 8 (a), positive value indicates movement into the pit) 
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excavation. Fig. 9(a) shows the lateral movement of the 

diaphragm walls. Similarly, due to the influence of building 

and cover plate, the top of the diaphragm walls tends to move 

to the non-building side, but the deviant value is bigger than 

that of the building D section (Fig. 8). Because of the big size 

and loads of the building C, the difference between the two 

diaphragm walls are more obvious. That is, the maximum 

lateral movement of the building side is larger than those of the 

non-building side and the position of the maximum lateral 

movement is higher than those of the non-building side. 

Fig. 9(b) shows the influence of excavation on the 

settlement of building C. All nine settlement measuring points 

of the building C are near the excavation (Fig. 9(b)). In 

general, the numerical simulation is in good agreement with 

the monitoring, though simulation results are a little bigger 

than monitoring data. Compared with building D, the 

settlement of building C is smaller owing to the basement and 

pile foundation (compared with Fig. 8(b)). Besides, the 

settlement values present more obvious spatial effect because 

of the huge size and complicated structure. 

 
 
5. Influencing factor analysis of deformation 

 

5.1 Simulation conditions 
 

The calculation results correspond well with the field data, 

and the parameters and boundary conditions are set reasonably, 

which can be used for further analysis. This section studies the 

influence of existing buildings by changing the height and the 

corresponding foundation form of the buildings, and the 

influence of supporting form by changing existence of the 

cover plate and depth of the diaphragm walls. The simulation 

groups are shown in Table 5. Notably, the bottom of the 

excavation is about 17.0 m, and the bottom of the diaphragm 

walls is about 31.0 m. By comparing groups 17 ~ 20 and 

groups 21 ~ 24 in Table 5, the influence of the relationship  

 

 

Fig. 10 Calculating model of group 21 as an example 

 

 

between the pile depth and the excavation depth on 

deformation can be obtained. By comparing groups 25 ~ 26 

and groups 29 ~ 30 in Table 5, the influence of the relationship 

between the pile depth and the diaphragm walls depth on 

deformation can be obtained. 

To get general rules, some assumptions should be made in 

this section: 1) the building shape is a regular cuboid with a big 

size so that a plane strain model can be established into 

analysis; 2) the building range and location remains unchanged 

and is located at 10.0 m from the edge of the pit at the cover 

plate side (or the same position of the non-cover-plate groups), 

and the range is 20.0 m; 3) for high-rise buildings, the 

basement height is 4.0 m/floor and the pile cross section is the 

same as those of the building C. Other conditions including 

strata parameters, excavation sizes, boundary conditions, 

construction procedures and cover plate loads remain the same. 

Fig. 10 is the numerical calculating model of group 21 as an 

example with necessary sizes. 

 

5.2 Lateral displacement of the diaphragm walls 
 

Fig. 11 shows the maximum lateral displacement δhm and 

the depth of the maximum lateral displacement Hm of the 

diaphragm walls under 44 groups of calculation condition. For  
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(a) Lateral movement of diaphragm walls (b) Building settlement 

Fig. 9 Deformation of building C section after excavation (In Fig. 9 (a), positive value indicates movement into the pit) 
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the convenience of analysis, it was named in the form of a-b-c 

according to different building conditions, where a means 

building storeys, b means basement storeys, c means pile 

length. Fig. 11(a) shows that when buildings and foundation 

forms are the same, existence of the cover plate and the depth 

of the diaphragm walls have little effect on δhm. In the first 20 

groups (0-0-0 to 15-1-11), δhm increases significantly with the 

increase of the building storeys, but δhm decreases suddenly 

from 8-0-0 to 8-1-0, indicating that the increase of the 

basement storeys will significantly reduce the lateral 

displacement of the diaphragm walls. The same phenomenon 

also exists from 15-1-11 to 15-2-11, from 25-2-21 to 25-3-21, 

and from 35-3-30 to 35-4-30. From group 21 (15-2-11), since 

 

 

 

the pile depth reaches 19.0 m, which is deeper than excavation 

(17.0 m), the increasing of building storeys affects weaker on 

δhm. Compared between 35-4-30 and 50-4-30, because the pile 

is embedded into rock, the building load is mainly supported 

by rock stratum, so increasing of building storeys has little 

effect on the lateral displacement of diaphragm walls. Fig. 11 

(b) shows that with the increase of the building storeys, the 

position gradually moves up, but it tends to move downward 

when basement storeys increases. When the building form is 

the same, the influences of the cover plate and the depth of the 

diaphragm walls on Hm are not regular. But in general, Hm is 

larger under the condition of CP & 31.0 m DW, and is smaller 

under the condition of No CP & 35.0 m DW, but the difference  

Table 5 Simulation groups 

Group 

Surrounding buildings Retaining structures 

Building storeys Basement storeys Pile length/m 
Existence of the 

cover plate 

Depth of the diaphragm 

walls/m 

1 

0 0 0 

Yes 
31.0 

2 35.0 

3 
No 

31.0 

4 35.0 

5-8 4 0 0 Ditto 

9-12 
8 

0 0 Ditto 

13-16 1 0 Ditto 

17-20 
15 

1 11.0 Ditto 

21-24 2 11.0 Ditto 

25-28 
25 

2 21.0 Ditto 

29-32 3 21.0 Ditto 

33-36 
35 

3 30.0 Ditto 

37-40 4 30.0 Ditto 

41-44 50 4 30.0 Ditto 

Note: The building load is 15.0 kPa/floor and the basement height is 4.0 m/floor 
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(a) Maximum lateral displacement δhm (b) Position of the maximum lateral displacement Hm 

Fig. 11 The maximum lateral displacement of the diaphragm walls δhm and the corresponding position Hm under 44 

groups of calculation condition (CP means cover plate, DW means diaphragm walls; in a-b-c, a means building storeys, 

b means basement storeys, c means pile length) 
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Fig. 13 Influence of buildings and cover plate on the top 

lateral displacement of the diaphragm walls (δtc means 

lateral movement of the top of the diaphragm walls 

caused by cover plate, δtb means lateral movement of the 

top of the diaphragm walls caused by buildings, δtt means 

lateral movement of the top of the diaphragm walls 

caused by both cover plate and buildings; In a-b-c, a 

means building storeys, b means basement storeys, c 

means pile length) 

 

 

is within 1.0 m. 

It can be seen that the main factor affecting δhm and Hm is 

the form of the existing buildings, instead of the cover plate 

and the depth of the diaphragm walls. Therefore, the 

conditionof CP & 31.0 m DW is selected to represent various 

building forms to discuss the relationship between the 

maximum lateral displacement of diaphragm walls and 

excavation depth H, as shown in Fig. 12. In Fig. 12, the dash 

lines (1) and (2) are the statistical data about the relationship 

between the maximum lateral displacement of the retaining 

structures of the subway station in Nanjing and the excavation 

depth obtained by Li et al. (2015), showing that the maximum 

lateral displacement of the retaining structures is between 

δhm=0.08%H and δhm=0.32%H. Comparison shows that most 

of the simulation results are within the range proposed by Li et 

al., but to be more accurately, the maximum lateral  

 

 

displacement of the retaining structures is more appropriate 

between δhm=0.099%H and δhm=0.099%H+0.0245, and the 

correlation coefficient values R2 are 0.987 and 0.832, 

respectively. Mainly because there is a large building load on 

the side of the excavation, which will lead to a large lateral 

displacement of the diaphragm walls in the early excavation 

For semi-covered excavation, cover plate and existing 

buildings on one side will lead to asymmetric compression 

problem, and the effect degree of them on the lateral 

displacement of retaining structures is worth studying. Fig. 

13 shows the top lateral displacement of diaphragm walls 

caused by buildings δtb and the cover plate δtc under 

different building conditions when the depth of the 

diaphragm walls is 31.0 m. The influence of the building on 

the diaphragm walls was obtained from the working 

condition without cover plate, the total influence of building 

and cover plate on the diaphragm walls was obtained from 

the working condition with cover plate, and the influence of 

the cover plate on the diaphragm walls was obtained from 

the difference between the two. In order to accurately 

reflect the levels of δtb and δtc, the lateral displacement in 

the figure is the difference between the lateral displacement 

of each group and that of group 3. As can be seen, δtc of 

each group is about 5.0 mm, while δtb is much larger, 

especially when building storeys is larger and basement 

storeys is fewer, for large building load will cause large top 

lateral displacement of the diaphragm walls. With the 

increase of building storeys, the law of δtb is very similar to 

that of the total top lateral displacement of the diaphragm 

walls (δtt), which shows that δtb and δtt increase with the 

increase of the building storeys and decreases with the 

increase of the basement storeys. The pink curve is the ratio 

of δtb to δtt, which reflects the contribution of the building 

load to the top lateral displacement of the diaphragm walls, 

and also reflects this rule. 

Fig. 14(a) selects the building form 35-3-30 as an example, 

and shows the lateral displacement curve of the diaphragm 

walls of group 1, 3, 4, 34, 35 (the corresponding conditions are 

shown in Table 6). It can be seen that the cover plate mainly 

affects the deformation curve of the upper part of the  
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Fig. 12 Relationship between the maximum lateral displacement of the diaphragm walls δhm and excavation depth H (In 

a-b-c, a means building storeys, b means basement storeys, c means pile length) 
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diaphragm walls (groups 1, 34), owing to its relatively high 

stiffness. The diaphragm walls embedded into rock can greatly 

limit the bottom lateral displacement, but has little effect on the 

maximum lateral displacement (groups 4 and 34). So in 

practical engineering, it is safe to support with 31.0 m deep 

diaphragm walls. By subtracting the lateral displacement 

curves of diaphragm walls of group 35 and group 3, the 

influence of buildings on the lateral displacement of diaphragm 

walls can be reflected when the building form is 35-3-30.  

Although the lateral displacement curves of diaphragm 

walls are different under different building loads and different 

foundation forms, and the maximum lateral displacement and 

corresponding location are also significantly different, the 

influence mechanism of existing buildings, cover plates and 

depth of diaphragm walls on the lateral displacement curve of 

diaphragm walls is the same. Fig. 14(b) summarizes the 

influence mechanism of these three factors from Fig. 14(a). It 

can be seen that the existing building causes the asymmetric 

pressure on one side to cause the lateral displacement curve of 

the diaphragm walls to move into the pit as a whole; The cover 

plate mainly affects the deformation of the upper part of the 

diaphragm walls, and the top of the diaphragm walls is warped 

by rigid connection between the cover plate and the diaphragm 

walls; The diaphragm walls embedded into rock limits the 

bottom lateral displacement and changes the shape of the 

lateral displacement curve at the bottom of the diaphragm 

walls. The conclusions can be extended to general situations. 

 

5.3 Surface settlement 
 
Fig. 15 shows the maximum surface settlement δvm outside 

the building side and the corresponding position dm of 44 

calculation conditions. When there is no basement and no 

piles, δvm increases significantly with the increase of the 

building storeys (0-0-0 to 8-0-0). When basement exists, due to 

the large stiffness of the basement, the ability to coordinate 

 

 

deformation is strong, greatly alleviate the surface settlement, 

which is consistent with other scholars’ conclusion (Luat et al. 

2020a, Luat et al. 2020b). In the following groups, due to the 

existence of the basement, δvm is always within 20 mm. High-

rise buildings often use box foundation, on the one hand to 

meet the needs of underground parking, on the other hand, to 

alleviate the ground deformation and reduce the ground uneven 

settlement. Cover plate will slightly increase δvm, mainly 

because the cover plate load intensifies the asymmetric 

pressure of the excavation, making the diaphragm walls to 

move into the excavation, and finally leads to the deformation 

of the soil behind the wall. δvm is slightly larger when 

diaphragm walls embedded into rock (35.0 m). In the case of 

no buildings (0-0-0), dm is about 12.0 m away from the edge of 

the pit without cover plate, and is slightly close to the pit with 

cover plate, which are all within the range of the maximum 

surface settlement position of soft soil excavations proposed by 

Clough and O'Rourke (1992). With the increase of the building 

storeys, dm moves away from the pit, and is close to the outer 

boundary of the building when building storeys is 8 floors (8-

0-0). Since the basement has a certain stiffness, when basement 

exists, the maximum settlement occurs at the edge of the 

basement near the excavation (about 10.0 m behind the wall), 

which is consistent with the conclusion of Tan et al. (2016). 

The cover plate and diaphragm walls will have an impact on 

dm only when the floor building layer is low and there is no 

basement. 

Similarly, the condition of CP & 31.0 m DW is selected to 

represent various building forms to discuss the relationship 

between the maximum surface settlement and excavation 

depth, as shown in Fig. 16. In Fig. 16, the dash lines (1) and (2) 

are the statistical data about the relationship between the 

maximum surface settlement outside the excavation of the 

subway station in Nanjing and the excavation depth obtained 

by Li et al. (2015), and it is found that δvm is between δvm=-

0.04%H and δvm=-0.19%H. Although the simulation results are  

 Group 1   Group 3

 Group 4   Group 34

 Group 35 -40

-35

-30

-25

-20

-15

-10

-5

0
-5 0 5 10 15 20 25 30 35 40

δ
h 
(mm)

H
 (

m
)

 

 
(a) Lateral displacement curve (b) Influence mechanism 

Fig. 14 Influence of existing buildings, cover plate and the depth of the diaphragm walls on lateral displacement curve 

of the diaphragm walls (The corresponding operating conditions of group 1, 3, 4, 34, 35 are shown in Table 6) 
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in good agreement with the conclusions of Li et al., it can still 

be seen that due to the existence of existing buildings, the 

distribution boundary of δvm presents a quadratic function 

trend. For the condition of existing buildings on one side, the 

relationship between the maximum surface settlement outside 

the pit and the excavation depth is between δvm=0.0040%H2-

0.0316%H-0.978% and δvm=0.0011%H2-0.0117%H-0.320%, 

and the correlation coefficient values R2 are 0.947 and 0.851, 

respectively. 

Fig. 17 shows the soil settlement outside the pit under the 

condition of cover plate & 31.0 m diaphragm walls under 

different building forms. Because the pavement hardening is 

not considered in simulation, the settlement in a small range 

outside the diaphragm walls is larger. It can be seen that the 

excavation mainly affects the soil settlement in the triangle  

 

 

 

area within 30.0 m behind the wall, and the influence area 

haslittle relationship with the existing buildings and foundation 

forms. When there is a shallow foundation building outside the 

pit, the soil settlement outside the pit increases with the 

increase of building storeys, and the position of the maximum 

settlement tends to move outward. When basement exists, the 

maximum surface settlement occurs at the edge of the 

basement near the excavation (consistent with the conclusion 

in Fig. 15), and the building has a tendency of inward 

dumping. Basement can effectively reduce the soil settlement 

and control the settlement range due to the ability to coordinate 

deformation. When the pile foundation is longer enough, it can 

control the settlement of buildings and the surrounding soil 

through the friction with the surrounding soil and the bearing 

capacity of the pile end. 
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(a) Maximum surface settlement δvm (b) Position of the maximum surface settlement dm 

Fig. 15 The maximum surface settlement outside the pit δvm and the corresponding position dm under 44 groups of 

calculation condition (CP means cover plate, DW means diaphragm walls; in a-b-c, a means building storeys, b means 

basement storeys, c means pile length) 
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Fig. 16 The relationship between the maximum surface settlement δvm and excavation depth H (In a-b-c, a means 

building storeys, b means basement storeys, c means pile length) 
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6. Conclusions 

 

Based on the semi-covered deep excavation of Shanxi 

Road Subway Station, the deformation response mechanism of 

semi-covered excavation under existing buildings was studied, 

and the coordinated deformation mechanism of semi-covered 

retaining structures and excavation was discussed. The 

following conclusions are drawn: 

 δhm increases significantly with the increase of the 

building storeys, decreases significantly with the 

increase of the basement storeys, and is relatively stable 

when the pile depth is deeper. Hm gradually moves up 

with the increase of the building storeys, and 

downwards with the increase of the basement storeys. 

The maximum lateral displacement δhm is distributed 

between δhm=0.099%H and δhm=0.099%H+0.0245 due 

to large building load on one side. 

 The lateral displacement of the top of the diaphragm 

walls caused by the cover plate is about 5.0 mm, while  

 

 

that caused by buildings is much larger, especially when 

building storeys is more and the basement storeys is less. 

The law of δtb is very similar to that of the total top 

lateral displacement δtt, showing that δtb and δtt increase 

with the increase of the building storeys and decreases 

with the increase of the basement storeys. 

 The existing building causes the asymmetric pressure on 

one side to cause the lateral displacement curve of the 

diaphragm walls to move into the pit as a whole. The 

cover plate mainly affects the deformation of the upper 

part of the diaphragm walls, and the top of the 

diaphragm walls is warped by rigid connection between 

the cover plate and the diaphragm walls. The diaphragm 

walls embedded into rock limits the bottom lateral 

displacement and changes the shape of the lateral 

displacement curve at the bottom of the diaphragm 

walls, but has little effect on the maximum lateral 

displacement. 

 The cover plate and the depth of the diaphragm walls 

    
(a) Group 1 (0-0-0) (b) Group 5 (4-0-0) (c) Group 9 (8-0-0) (d) Group 13 (8-1-0) 

    
(e) Group 17 (15-1-11) (f) Group 21 (15-2-11) (g) Group 25 (25-2-21) (h) Group 29 (25-3-21) 

   
(i) Group 33 (35-3-30) (j) Group 37 (35-4-30) (k) Group 41 (50-4-30) 

Fig. 17 The surface settlement outside the pit with cover plate & 31.0 m diaphragm walls under different existing buildings 

(Negative values indicate settlement and positive values indicate uplift. In a-b-c, a means building storeys, b means basement 

storeys, c means pile length) 
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have little effect on the maximum surface settlement 

outside the pit δvm. δvm increases significantly with the 

increase of the shallow foundation building storeys. 

Because of the good coordinated deformation capacity 

of basement and pile foundation, δvm changes little with 

building layers and within 20 mm. With the increase of 

the building storeys, the position of the maximum 

ground settlement dm moves away from the pit, and is 

close to the outside boundary of the building when 

building storeys is 8 floors (8-0-0). When basement 

exists, the maximum settlement occurs at the edge of the 

basement near the excavation (about 10.0 m behind the 

wall). Existing buildings make the relationship between 

the maximum surface settlement outside the pit and the 

excavation depth following between δvm=0.0040%H2-

0.0316%H-0.978% and δvm=0.0011%H2-0.0117%H-

0.320%. 

 Excavation mainly affects the settlement of soil in 

triangle area within 30.0 m behind the wall, and the 

influence area has little relationship with the existing 

buildings and foundation forms. Longer pile foundation 

can control the settlement of buildings and the 

surrounding soil through the friction with the 

surrounding soil and the bearing capacity of the pile end. 
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