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ABSTRACT: By investigating many projects in Shanghai metro construction, notable differences are found
to exist in present design schemes, especially in steel bar content of diaphragm wall and struts load. In this
paper, some design schemes of retaining structures for metro station deep excavations which have the similar
geological and structural situations are compared. Their rationality is evaluated and tested according to the
results of field monitoring (e.g. strut load, bending moment of diaphragm wall deduced from lateral deformation
curves). By adopting these measurements, a series of software, calculating models, methods and parameters can
be summarized. Some key factors which affect the correctness of the design are emphasized. Finally, suggestions
that satisfy demands of safety and economy are given. These suggestions help improve the design of retaining
structures for deep excavation so that the design standard in Shanghai can be unified gradually.

1

GENERAL INSTRUCTIONS

In order to prepare the 2010 EXPO, construction
activities of civil infrastructures and buildings in the
municipality of Shanghai have been increased significantly. To meet the demands of high efficiency city
traffic, extensive underground metro system in Shanghai has been rapidly constructed. How to accomplish
the target of completing 400 km network in both quick
and satisfactory way under the situation of large scale
and high risk becomes a question to the constructors
in Shanghai. Many problems during construction have
been researched by many researchers and engineers
over the years (Liu & Hou 1997; Liu et al. 1999; Liu
et al. 2000, 2001). But few reports about the design of
retaining structures of excavations are analyzed. Some
retaining structure design schemes of normal metro
station excavations which have the similar geological and structural situations are selected. According to
the results of field monitoring (e.g. strut load, bending
moment in diaphragm wall deduced from lateral deformation curves), the rationality of designs are analyzed.
A series of software, calculating models, methods and
parameters can be summarized, and key factors affecting the correctness of the design are emphasized. The

intention of this paper is optimizing design methods
satisfy demands of safety and economy. These suggestions help improve design of retaining structures
for deep excavations so that the design standard in
Shanghai can be unified gradually.

2
2.1

DESIGN OF RETAINING STRUCTURES
OF DEEP EXCAVATION
Background of the design

2.1.1 Shape of the excavation
Compared with the diversification of common excavations, almost all metro station deep excavations are
similar. The main excavation of metro station looks
like a dumbbell on the plane, which divided into three
parts—standard segment in the middle and end wells
at two edges of the excavation.
2.1.2 Geological condition
Under the ground of Shanghai, there is soft soil about
dozens meter deep, whose water content, degree of
sensitivity, compressibility and rheology are high, and
the unit weight, strength and permeability are low.
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Table 1. The control criterion of environment protection in excavation.
Protection
grade

The requirement of maximum ground settlement and
maximum retaining wall horizontal displacement

1

Maximum settlement of ground ≤ 0.1%H*;
Maximum horizontal displacement of retaining
wall ≤ 0.14%H;
Ks** ≥ 1.8
Maximum settlement of ground ≤ 0.2%H;
Maximum horizontal displacement of retaining
wall ≤ 0.3%H;
Ks ≥ 1.6
Maximum settlement of ground ≤ 0.5%H;
Maximum horizontal displacement of retaining
wall ≤ 0.7%H;
Ks ≥ 1.4

2

3

The requirement of surrounding protection
In the area not more than 0.7H away from excavation,
there are metro, municipal pipes, gas pipes,
important water pipes and so on. Those important
building and utilities must be secured.
In the area 1∼2H away from excavation, there are
important mainlines, water pipes, important in-used
structures and buildings.
In the area not more than 2H away from excavation,
there are less important branch lines and general
buildings and installations.

* H is the depth of excavation; ** Ks is the safety coefficient against basal heave.

2.2

Design method of the retaining
structure in Shanghai

2.2.1 Excavation protective grades
According to the engineering experience of Shanghai
metro deep excavation engineering and the requirement of the surrounding environmental protection
(Shanghai standard foundation design code DGJ0811-1999), the deformation control criterion of excavation is classified into three protective grades (Table 1).
2.2.2 Model
Finite element method (FEM) of two-dimensional vertical elastic subgrade beam was adopted for analyzing
the deflection of diaphragm wall. In the FEM modeling, lateral earth pressure was taken as triangular
and rectangular. The distribution of horizontal load
is slope gradient on the excavation plane and rectangular under the excavation plane. The distribution
of horizontal spring stiffness coefficient of the passive zone soil was also considered as two distributions.
They have triangular distribution with slope gradient
within effective depth under the excavation level and
rectangular distribution below the depth (Figure 1).

Figure 1. Vertical elastic subgrade beam model.

underground stations as the objects of analysis, the
differences of them are as follows:
3.1 Steel bar content of diaphragm wall

3

DIVERSITY OF THE DESIGN RESULTS

Considering the similarity of excavation form and geological condition of metro stations in Shanghai, the
retaining structures design of metro station deep excavations should be unified. But it is to find notable
differences existing in the present design schemes by
investigating many projects in Shanghai metro construction, especially in steel bar content of diaphragm
wall and struts parameters. Results of retaining system
design of fifteen deep excavations of metro stations
in Shanghai are listed in Table 2. Regard two layers

The excavation depth is at the range of about 15∼17 m
in standard segment of two layers underground excavation, but the unit weight of longitudinal bars plus hoops
of diaphragm wall is quite distinction, from the minimum 127.05 kg/m3 to the maximum 232.63 kg/m3 , the
value discrepancy is about 83%.
Station 1 and 4 are similar in excavation depth,
but about 22% discrepancy in steel bar content of
diaphragm wall.
The struts number of cross section of station 8 is one
more than that of station 2, but still 44% higher steel
bar content of diaphragm wall than that of station 2.

588

Table 2. Design results of bracing structural system of some stations of metro line M1.
Standard segment of the excavation
Serial
number of
station
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

Structure
form

Excavation
depth/m

Length of the
diaphragm
wall/m

Thickness of
the diaphragm
wall/m

Embedded
ratio of the
diaphragm wall

Steel bar content
of the diaphragm
wall/kg · m−3

Vertical
struts
number

Tow layers
underground

17.28
16.80
16.60
17.29
16.30
16.30
15.66
16.44
15.57
15.59
14.56
14.92
18.37
24.24
21.56

34.0
30.0
32.0
31.0
30.0
28.5
30.0
30.0
28.5
28.0
28.6
28.3
32.0
43.0
37.0

0.8
0.8
0.8
0.8
0.8
0.8
0.8
0.8
0.6
0.7
0.6
0.6
0.8
1.0
1.0

0.97
0.79
0.93
0.79
0.84
0.75
0.92
0.82
0.83
0.80
0.96
0.90
0.74
0.77
0.72

127.05
128.86
145.82
155.66
155.85
156.43
169.47
185.58
186.44
192.56
196.97
232.63
139.80
145.21
153.10

5
4
5
5
5
5
4
5
4
4
4
4
5
7
6

Three layers
underground

*Note: Steel bar content of the diaphragm wall in table 1 refers the unit weight of longitudinal bars plus hoops.

the volume when the excavation depth and length of
the diaphragm wall increase. So the steel bar content
of diaphragm wall decreased.
3.2 Design parameters of steel struts

Figure 2. Variation of steel bar content of diaphragm wall
with excavation depth.

The thickness of diaphragm wall of station 10 is
10 cm thicker than that of station 9, but almost the
same in steel bar content.
All above shows that the regularity of steel bar
content of diaphragm wall is not obvious now.
In addition, the decreasing tendency of steel bar
content of diaphragm wall along with the excavation
depth increasing is shown in Figure 2.
The steel bar content of diaphragm wall equals to
Ag divided by V, which Ag is the total weight of longitudinal bars plus hoops of a diaphragm wall; V is the
volume of a diaphragm wall. According to the design
schemes, the diameter and spacing of the longitudinal
bars and hoops are similar. But the spacing of both bars
increases at the range of approaching wall toe; it causes
the increment of weight of steel bars less than that of

3.2.1 Comparison of design parameters of different
stations
Strut design parameters of 3 stations which have the
closely excavation depth and stratum distribution are
compared (Table 3).
Spacing of the struts often ascertained according to
experience, so there are less differential in it. But the
design struts load calculating by model is discrepancy
obviously.
3.2.2 Comparison of struts load by designing and
by field monitoring
Field monitoring is an important means of providing
immediate feedback to designers during excavation
and of documenting the actual performance as a case
history for future references.
Testing by the monitoring data of station 9 and 13
in Table 2 after excavation, real struts load are far less
than the designing.
Station 9: The percentages occupied by real struts
load to design values are 67% (level 2); 58% (level 3)
and 67% (level 4).
Station 13: The percentages occupied by real struts
load to design values are 72% (level 1); 69% (level 2);
46% (level 3); 37% (level 4) and 36% (level 5).
Considerable bearing capacity is wasted especially
in the lower struts. So the struts design should be
optimized.
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Table 3. Comparison of struts parameters of three station excavations (Standard segment).
Station

I

II

III

Excavation depth/m
Spacing on plane/m
Vertical spacing/m

15.57
about 3.0
0.5
3.9
3.9
3.1
3.07
/
1500
2000
1300

14.92
about 3.0
0.4
4.34
3.7
3.42
2.6
800
1660
2300
1975

15.59
about 3.0
1.0
4.24
4.1
3.4
2.85
800
1850
2000
1350

Struts load of design/kN

Level 1∼ground level
Level 2∼Level 1
Level 3∼Level 2
Level 4∼Level 3
Final level∼Level 4
Level 1
Level 2
Level 3
Level 4

Figure 4. Usage percent of software in calculating the main
body excavations.

4.3 Relationship between design and construction
Figure 3. Struts load comparison of designing with field
monitoring.

4

FACTORS ANALYSIS

By investigating eight design institutes which take on
most design work of metro projects in Shanghai, there
are many factors causing the disperse of design results.
The main reasons are as follows:
4.1

Construction is the means to realize the design
schemes. It can test the rationality of the design.
Therefore, mutual cooperation can help both of them
getting better. But little contact between them makes
the design theoretical; say nothing of optimizing
the design according to the feedback of the field
construction.
5

Diversification of calculating tools

The software calculating the internal force and lateral
deflection of diaphragm wall is not unified. SUPERSAP, ANSYS and MIDAS are used in calculating
the main body of the excavation; FRWS, LIZHENG,
YAO1, YAO2 etc. are used in checking the results or
designing the affiliating structures.
4.2 Values of the parameters
Effected by the designer’s subjective understanding of
the code, parameters like overload, lateral pressure,
restrictions and so on are adopted differently. The difference of these initial parameters will lead to the
different calculating results directly.
In addition, the phenomena of the designers concentrating on safe while ignoring the economy made
the design schemes are quite conservative.

DESIGN SUGGESTION

According to the design code and practical experience of Shanghai, some key points about the design
of the retaining structure of normal metro station deep
excavation are suggested or emphasized:
5.1 Stricter design demands
The load coefficient has already increased from 1.25 to
1.35; The structure significance coefficient 1.1 should
be considered; The concrete protection layer is thicker
than before.
5.2 Value of kv
The restriction under the toe of the diaphragm wall
is simulated by vertical spring which kv often adopt
10000 kN/m3 in Shanghai.

590

Figure 5. Empirical value of k in Shanghai.

5.3

Calculation of lateral loads

Results of lateral loads don’t have much difference no
matter the earth and water pressure calculated together
or not in Shanghai. But it had better to calculate them
separately.
5.4

Earth pressure

Earth pressure is a key parameter of excavation design.
In the practices of soft clay’s excavation engineering
in Shanghai, by means of a lot of field measurements,
indoors tests and centrifugal mode tests, the relation of
earth pressure with different factors such as retaining
wall’s displacement, time, and construction parameters is erected. A practical formula of calculating earth
pressure has already been put forward. The active earth
pressure coefficient k can be ascertained by Figure 5
after excavating to the final level.
5.5

Equivalent subgrade coefficient Kh

Kh is a main calculation parameter in the calculation
method of displacement and internal force of retaining wall used by design institutes. An equivalent level
resistance coefficient Kh is used to reflect the capacity that soil resists deformation. It is a coefficient
that involves viscidity, elasticity, plasticity and other
diversified construction factors.
For purpose of facilitating design and engineering application, according to practices in Shanghai,
usually the following simplified formula can be adopt:
when the subgrade without improvement:

Figure 6. Maximum struts load by field monitoring.

Where γi , ci , ϕi is specific gravity, cohesion, angle of
internal friction of layer i respectively; hi and hi−1 are
bottom depth of layer i and layer i − 1 respectively; Bj ,
Tj , Hj is excavation width, excavation time, excavation
depth of progress j respectively.
when the subgrade with improvement:

5.6

Struts load

By survey of 26 station excavations, the maximum
monitoring loads of each level struts are suggested.
According to Figure 6, most values of struts load of
excavation in Shanghai are 500∼1000 kN (level 1),
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Figure 7. Deflection ratio of the wall in different cases and
wall thickness.

Figure 8. Comparison of deflection, bending moment in
different wall thickness (excavate to final level).

1200∼1800 kN (level 2), 1200∼2200 kN (level 3),
1000∼2500 kN (level 4 and 5) respectively. The maximum values are about 1300 kN (level 1), 2800 kN
(level 2), 3000 kN (level 3), 3000 kN (level 4 and 5)
by deleting some special factors.
As shown in Figure 7, although the deflection of the
diaphragm wall gradually increasing along with the
excavation deeper, the increment of the deflection
become lower with the wall getting thicker. But the
method of confining the deflection by simply increasing the wall thickness is neither economical nor
effective. It is not only playing the invalid function to
limit the deflection but causing the bending moment
of the wall increasing obviously when the thickness
increase to specific value. (Figure 8) So the thinner
wall should be better when the demand of safety can
be satisfied. The thickness of the diaphragm wall in
Shanghai often adopted 600 mm, 800 mm, 1000 mm
and 1200 mm which increment is 200 mm. As the construction machine developed, thickness increment by
100 mm as modulus can be realized. Nowadays the
attempt to apply the 700 mm diaphragm walls has
succeeded in metro line m1 in Shanghai.

Figure 9. Video, data collection and net page platform of
the remote monitoring system.

5.7 Remote monitoring, management and
consulting system by use of internet technology
Remote monitoring and management system is intelligentized monitor, measurement and management
system based on network technology and it is built
on local network and Internet. Such a system can deal
with the disperse projects, make the information, manpower and other resource of relative companies shared
each other, make it convenient to follow the project and
know what is going on.
People taking on monitoring of the construction
field inputs the monitoring data into the system
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immediately after monitoring. The project managers
and designers can consult the data through a specific
net page platform; if there is any risk existing in the
project, some construction methods or design adjustment can be done to prevent the accident happen. It
will bring utmost profit to companies by providing
intelligent and effective way of project management.
At the same time, it can be also convenient to build
and manage database and provide remote technology
consultation.
6

CONCLUSION

Based on the survey of large quantity of monitoring
data of the retaining structure of metro station deep
excavations in Shanghai, the following conclusions
can be drawn:
Differences in the design schemes of the retaining
structure of normal metro station deep excavation is
depicted and analyzed. It mainly focuses on the steel
bar content and steel strut load, which disaccordance
with the character of similarity and regularity of metro
station excavation.
A lot of factors affect the design results. Difference
of calculating software, initial inputting parameters,
designer objective understanding and so on becomes
the main reasons.

Suggestions are given according to the code and
practical experience to help unify the design.
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