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A B S T R A C T

The effect of a shield crossing an existing underground infrastructure needs to be evaluated, yet there are few
studies on this subject. In this study, to model the influence of a shield crossing on a large diaphragm wall, a
detailed three-dimensional numerical model with special methods considering the effects of the panel joints and
the shield crossing has been developed. The panel joints have been simulated by a HINGE mode of the con-
nection type, and the effect of shield crossing has been realized by modelling the excavated concrete using the
solid elements, which interact with the surrounding soils that have been simulated with the ground springs. After
analysing the characteristics of the deformation, maximum and minimum principal stresses, vertical and cir-
cumferential bending moments in the diaphragm wall, the maximum deformation, and the largest maximum and
minimum principal stresses are at the perimeter of the shield tunnel. Further, for the bending moment, the
largest negative vertical and circumferential bending moments are at the perimeter of the shield tunnel, yet the
largest positive vertical and circumferential bending moments are distributed around the perimeter of the shield
tunnel. For the largest tensile stress and vertical bending moment, there are large changes in the diaphragm wall
around the shield tunnel, which is detrimental to the diaphragm wall. Considering the effect of the shield
crossing, the diaphragm wall should be reinforced according to the results of the numerical analysis during the
design and construction stages.

1. Introduction

As a type of retaining structures, when a circular diaphragm wall is
subjected to water and earth pressures, it can carry heavy loads, and
circumferential and vertical bending moments due to its spatial arching
effects (Bruce et al., 1992; Chen et al., 2012; Tan, 2015; Tan and Wang,
2015). Therefore, it is increasingly used as part of underground infra-
structures. The circular diaphragm wall is commonly composed of se-
parate wall panels and vertical joints between the wall panels. Using the
vertical joints to connect these panels together, these separate panels
are formed as a continuous monolithic structure (Emam, 1999).

As the panel joints (especially the vertical joints) are the weakest
parts of a diaphragm wall, due to their function in connecting the pa-
nels, their role in influencing the load transfer mechanism of the panels
is significant. Although many studies were performed on the installa-
tion of diaphragm walls and the construction of ground excavation in
the theoretical and technological aspects (Comodromos et al., 2013;
Demoor, 1994; Gourvenec and Powrie, 1999; Ng et al., 1995; Powrie
and Li, 1991; Schafer and Triantafyllidis, 2004; Segura-Castillo et al.,

2014), there are only a few studies on the behaviours and performance
of the joint system. Chen et al. (2016a, 2016b) investigated the effect of
three main design parameters of longitudinal steel plates in cross-plate
joints on the shear capacity with experimental results. Further, using
three-dimensional finite-element modelling, they predicted the shear
bearing behaviour of the cross-plate joints. After showing the possible
damage failures of joints, Ewald and Schneider (2015) suggested that
firm, straight, and clean joint must be implemented before concreting
the secondary element in order to minimize the risk of diaphragm wall
pits.

In recent years, there is an increase in the construction of vertical
shafts and large-scale circular underground facilities, down to a depth
of 60–100m (Ariizumi et al., 1999; Goto et al., 1995). When a shield
crosses shafts or diaphragm walls, due to the interaction of the shafts
(walls) and the shield tunnel, large deformations and stresses in the
shafts (walls) can occur, which threatens the safety and stability of the
shafts (walls). Therefore, the effect of the shield crossing on the safety
and stability of the shafts (walls) need to be evaluated (Wu et al., 2017).
Using numerical modelling, similar studies have been carried out on the
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influence of the shield crossing on the objects, such as buildings, tun-
nels, pile foundations and other structures (Liu et al., 2009;
Sirivachiraporn and Phienwej, 2012; Wei, 2012; Xu et al., 2015;
Yamaguchi et al., 1998). However, there are few studies on the influ-
ence of shield crossing on shafts or walls, including the distributions of
the displacement, force (stress and moment) when the shield is
shielding-in and shielding-out from the shafts (walls), which is a major
concern for the stability of shafts (walls).

As discussed above, the shielding crossing and the way the load is
transferred are the most important factors which impact the safety and
stability of the retaining structures. In this study, a special modelling
method has been developed to model a diaphragm wall being crossed
through by a shield tunnel. The model can consider the influences of the
shielding crossing through the diaphragm wall and the load transfer of
the panel joints. Hence, it can be used to study the characteristics of the
deformation and force (stress and moment) in the diaphragm wall in-
fluenced by the shield crossing. By establishing a three-dimensional
numerical model, the influence of the shield crossing on the deforma-
tion and force (stress and moment) of a large diaphragm wall have been
analysed and evaluated.

2. General situation of the diaphragm wall

The diaphragm wall, as a part of the Meizizhou ventilating shaft in
Nanjing, China, is located in a pool at the tail of the Meizizhou isle. The
Meizizhou ventilating shaft has been designed as a circular concrete
structure, with a circular diaphragm wall, a lining wall and four re-
inforced concrete ring beams, as shown in Fig. 1. The four ring beams
are the top ring beam, the first ring beam, the second ring beam and the
third ring beam, and they are all used as purlins. The circular dia-
phragm wall has an inner diameter of 26.8 m, and an outer diameter of
29.2 m (i.e., the thickness is 1.2m). Considering the foundation stabi-
lity of the whole structure, the diaphragm wall will be constructed to
the depth at the altitude of −54.452m. Since the altitude of the ground
level is +8m, the length of the diaphragm wall is actually 62.452m.
The soils within the diaphragm wall have been excavated to the altitude
of −36.452m, where the base plate is built for sealing the whole
ventilating shaft. After the diaphragm wall is completed, it will be
crossed by a tunnel boring machine (TBM) to form a section of a shield
tunnel for transportation. The diameter of the shield tunnel is 14.5 m,

and the centre of the shield tunnel is positioned at the altitude of
−23.417m. From the top to the bottom of the diaphragm wall, the
ground layers are silt, silty clay, fine sand, medium and coarse sand,
respectively, whereas the bearing bed is in the pebble layer. In addition,
the ventilating shaft is situated near an existing large levee, which has
been used for flood prevention from the Yangtze River. Hence, the
ventilating shaft is subjected to abundant water supply. Therefore, the
engineering geology and hydrogeology conditions are challenging.

Being a challenging project, the Meizizhou ventilating shaft must
meet the requirements of safety and stability during the construction,
especially during the period when the shield tunnel crosses the dia-
phragm wall. Hence, it is regarded as a key part of the entire project. In
this study, the numerical model has been used to analyse the Meizizhou
ventilating shaft, and to determine the characteristics of the deforma-
tion and stress at the diaphragm wall. The results can then be used in
the design and construction of the diaphragm wall.

3. Modelling of shield crossing the diaphragm wall with special
methods

In order to study the stability and safety of the diaphragm wall when
the shield crosses the ventilating shaft, numerical simulation is a de-
sirable approach.

3.1. Numerical model

3.1.1. Model of the diaphragm wall
When establishing an analysis model for a diaphragm wall, the

strata-structure model is often used to analyse the ground deformation
and the interaction of the ground and the support structure (Jarddine
et al., 1986). Further, if the emphasis is on the structure of the dia-
phragm wall, the load-structure model is often used to analyse the
force/stress and the deformation in the diaphragm wall. In this study,
the focus has been on the diaphragm wall considering the shield
crossing. The ground outside the diaphragm wall can be ignored and
the interaction of the ground and the structure can be simplified by
using spring elements to link the ground to the structure, as shown in
Fig. 4. In this way, the numerical simulation is less time-consuming.
The numerical model has been developed using the code ABAQUS.

In this model, the diaphragm wall has 24 panels (Fig. 2), and the
cross-plate joints (Wu et al., 2017) and the lining wall as well as the
base plate of the lining are simulated using the three-dimensional shell
elements. The ring beams (including the top ring beam) are simulated
using the three-dimensional beam elements. In addition, the soil within
the diaphragm wall, which will be excavated during the shield crossing,
is simulated using the three-dimensional solid elements which interact
with the diaphragm wall. These components of the ventilating shaft are
shown in Fig. 3. For the modelling of the panel joints, and the crossing
of the diaphragm wall by the shield, the details are in Sections 3.2 and

Top ring beam

First ring beam

Second ring beam

Third ring beam

Diaphragm wall

Lining wall

Shield tunnel 
crossing area

Fig. 1. Profile sketch of the Meizizhou ventilating shaft.

24 panels

Fig. 2. Plan view of the diaphragm wall with 24 panels.
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3.3, respectively. There are 56,272 elements and 38,369 nodes in the
model.

3.1.2. Boundary conditions
Except the external surfaces of the diaphragm wall which are re-

strained by the normal ground springs, the bottom edge of the dia-
phragm wall is fixed in the vertical direction, and the active earth
pressure and external water pressure are applied to the surface of the
diaphragm wall (Fig. 4). In addition, due to the existence of the base
plate (which is located at the altitude of −36.452m, as shown in
Fig. 1), the uplift water pressure corresponding to its depth is applied to
the outer surface of the base plate, as shown in Fig. 4. The unit elastic
resistance coefficient of the ground springs is set at 1.7× 107 N/m.

3.1.3. Model parameters
In this model, the diaphragm wall and the lining wall as well as the

four ring beams are modelled as a type of reinforced concrete material.
Due to the replacement of the excavated soil with plain concrete, which
is used for shield crossing, the plain concrete within the shield crossing
is modelled as C20 plain concrete, and the base plate below the ex-
cavated concrete is modelled as C30 plain concrete. The model para-
meters of the reinforced concrete and the plain concrete are shown in
Table 1.

3.2. Modelling method for shield crossing the diaphragm wall

To ensure the safety of a shield crossing, the soils within the shield
tunnel has to be excavated during the ventilating shaft construction and
replace them with plain concrete so as to maintain its mechanical
homogeneity. This is a good preparation for the shield crossing at the
demand of the shielding. In this study, a special modelling method has
been developed to achieve the effect of excavation when the shield
crosses the diaphragm wall as follows. The plain concrete, which will be
excavated during the shield crossing, is simulated with the three di-
mensional solid elements. Further, as the concrete interacts with the
corresponding areas of the diaphragm wall; both lateral sides of the
excavated concrete (including the shielding-in and shielding-out areas)
are restrained with ground springs, as illustrated in Fig. 5. These ground
springs are considered as a type of resistance springs, which can only
carry compressive forces and not tensile forces.

To model the shield crossing through the diaphragm wall (including
the shielding-in and shielding-out areas), in addition to the excavated
plain concrete elements, the ground springs at both sides of the ex-
cavated concrete corresponding to the shielding-in and shielding-out
areas are all removed, thereby realizing the effects of the stress release
and deformation development of the diaphragm wall, as illustrated in
Fig. 3. This modelling method does not only provide an equivalent
model of the shield crosses the diaphragm wall, but provides a less
expensive model without simulating the surrounding soil.

3.3. Modelling method for panel joints

The diaphragm wall consists of panels as well as joints between the
panels, as shown in Fig. 6. Although it is known that the joints between
the panels can significantly affect the stability of the diaphragm walls,
there are few studies on the effect of the model panel joint stiffness on
the deformation and stress of circular diaphragm walls. In this study,
the HINGE mode of the connection types in ABAQUS has been used to
model the panel joints in the diaphragm wall. In this way, the model is
close to the practical situation.

3.3.1. Modelling panel joints outside the zone of shield crossing
The joints outside the zone of shield crossing are modelled with the

connection type element HINGE in ABAQUS. The element HINGE has
been used to join the positions of two nodes (i.e., nodes a and b, as
shown in Fig. 7) and to provide a revolute constraint between their
rotational degrees of freedom. The connection type HINGE imposes
kinematic constraints and uses local orientation definitions. The pre-
defined Coulomb-like friction in the HINGE connection relates the ki-
nematic constraint forces and moments in the connector to a friction
moment in the rotation about the HINGE axis. A typical interpretation
of the geometric scaling constants is illustrated in Fig. 8.

As the rotation about the 1-direction is the only possible relative
motion in the connection, the frictional effect is formally written in
terms of the moments generated by the tangential tractions and the
moments generated by the contact forces, as follows:

= − ⩽φ P f μ( ) M 0N (1)

where φ is the frictional effect, the potential P f( ) is the moment of the
frictional tangential tractions in the connector in the direction

Shield crossing 
through the shaft

Top ring beam

Lining wall

Diaphragm wall

First ring beam
Second ring beam

Third ring beam

Stress release

Fig. 3. Diagram of the ventilating shaft.

water and earth 
pressure

water and earth 
pressure

ground springs

Uplift water pressure

Fig. 4. Schematic diagram of the ventilating shaft with boundary conditions.

Table 1
Parameters used to model reinforced concrete and plain concrete.

Material Unit weight
ρ (kN/m3)

Elastic modulus
E (GPa)

Poisson’s ratio
μ

Reinforced concrete 25 30 0.2
C20 plain concrete 24 25.5 0.2
C30 plain concrete 24 30 0.2
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tangential to the cylindrical surface on which the contact occurs, MN is
the friction-producing normal moment on the same cylindrical surface,
and μ is the friction coefficient. Frictional stick occurs if <φ 0. Sliding

occurs if =φ 0, and the friction moment is μMN .
The normal moment, MN , is the sum of the friction-producing con-

nector moment, = g fM ( )C , and a self-equilibrated internal contact
moment (such as from a press-fit assembly), MC

int:

= + = +g fM |M M | | ( ) M |N C C C
int int (2)

MC can be expressed as

= = +g f F R F RM ( )C a a n p (3)

where F Ra a is the moment from the axial force, =F f| |a 1 (i.e., an effec-
tive friction in the axial direction), and Ra is the effective friction arm
associated with the constraint force in the axial direction; F Rn p is the
moment from the forces normal to the cylindrical face, Rp is the radius
of the pin cross-section in the local 2–3 plane, and Fn is the normal
force, which is the sum of the radial force contribution and the force
contribution from bending, as follows:

= +F F Fn r bend (4)

where = +F f fr 2
2

3
2 , and f2, f3 are the radial forces in the 2-direction

ground springs

shielding-in area

shielding-out area

Shield crossing block

Fig. 5. Modelling of the excavation when the shield
crosses the diaphragm wall.

joint

panel

Fig. 6. Modelling joints between panels of a diaphragm wall.
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Fig. 7. The connection type HINGE and a local cylindrical coordinate system.
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Fig. 8. Illustration of the geometry for a HINGE connection.
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and 3-direction, respectively; =
+

F 2bend
m m

Ls

2
2

3
2
, and m2, m3 are the ra-

dial moments in the 2-direction and 3-direction, respectively, and Ls is
the characteristic overlapping length between the pin and the sleeve
(Fig. 8). In modelling the joints between panels, Ls has been set to zero.
So, Fbend can be ignored.

In this modelling, it is required to define a local cylindrical co-
ordinate system and to establish a connector behaviour and a connector
section for each HINGE element. Once the elasticity stiffness of the
connector is given, the deformation and stress distribution of the panels
of the diaphragm walls can be derived through the numerical simula-
tion. For the Meizizhou ventilating shaft, the connector elasticity stiff-
ness has been set to 2×108 N/m.

3.3.2. Processing method of panel joints within the shield crossing zone
For the joints within the shield crossing zone, the modelling ele-

ments HINGE are active before the shield crossing. When the shield
tunnel crosses, the elements HIINGE become deactive by setting up the
keywords “model change, remove” in ABAQUS so as to eliminate these
elements and to prevent them from being involved in the improvement
of the computational efficiency. The HINGE elements that are elimi-
nated with the soils within the shield crossing zone are shown in Fig. 9.

4. Analysis of the calculation results

For the diaphragm wall, the major concerns are the deformations
and loads (i.e. stresses and moments) of the diaphragm wall influenced
by the shield crossing, which are related to the stability and the prac-
tical design of the diaphragm wall.

4.1. Deformation of the diaphragm wall

Fig. 10 shows the deformation contour of the diaphragm wall after
the shield tunnel has completely crossed. Due to the shield crosses the
diaphragm wall, the plain concrete, as the excavated material, has been
removed; and the deformations of the diaphragm wall, especially at the
areas around and along the shield tunnel have been released. The
maximum deformation, which is up to 5.44mm, can be seen on the
lateral sides of the shield tunnel, i.e. Point A near the shield tunnel as
shown in Fig. 10, which is mainly characterized by the horizontal

deflection. Due to the symmetry of the model and boundary conditions,
angle Φ has been defined anticlockwise from the top of the shield
tunnel, and half of the tunnel perimeter with Φ=0–180°, as shown in
Fig. 11. From the deformation distribution along the perimeter, the
maximum deformation (about 3.40mm) along the perimeter is dis-
tributed at the location around 75° from the vault (Fig. 12), which in-
dicates that the upper zones (where Φ < 90°) deforms larger than the
lower zones (where Φ > 90°).

It is worth noting that the maximum deformation occurs at the time
of shielding-in, when the zone will be used for shielding-out (i.e. the
zone has not been removed yet) shows large deformation. Fig. 13 shows
the deformation curves in the depth direction from the top of the dia-
phragm wall before and after the shield crossing. Due to the shield
crossing, in the zone within the shield tunnel, there is a large change in
the deformation, and the maximum deformation is 5.52mm, which is

hinge 
joints

Fig. 9. HINGE joints within the shield crossing zone.

A

Fig. 10. Deformation contour after shield crossing for Case 1.

=0
=1

80=90

Diaphragm wall

Shield crossing 
tunnel

Fig. 11. Φ increases anticlockwise from the vault along the perimeter of the shield tunnel.
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located at the depth around 30m from the top of the diaphragm wall.
As a comparison, the deformation in the depth direction before the
shield crossing is also shown. The deformation gradually decreases to
zero at the bottom of the diaphragm wall. This is an indication that the
shield crossing has a significant effect on the deformation of the dia-
phragm wall, especially at the zone around the shield tunnel.

4.2. Stress in the diaphragm wall

Due to the stress release induced by the shield crossing, there are
large changes in the stresses in the diaphragm, especially at the peri-
meter of the shield tunnel. Fig. 14 shows the maximum principal stress
distribution along the perimeter of the shield tunnel after the shield
crossing. The positive maximum principal stresses are around 60–120°,

and the largest stress is 1.99MPa, which is located around 90°. This
means that the relatively large positive (tensile) stresses are distributed
at both lateral sides of the shield tunnel. Fig. 15 shows the minimum
principal stress distribution along the perimeter of the shield tunnel
after the shield crossing. The maximum and minimum principal stresses
(according to the magnitudes) are mostly located at around 30° and
120°. This means that they are distributed at the upper and lower zones
of both lateral sides of the shield tunnel.

Table 2 summaries the maximum and minimum principal stress in
the diaphragm wall before and after the shield crossing. Comparing to
the stresses before the shield crossing, the stresses after the shield
crossing have increased by 410.26% and 155.87% for the maximum
and minimum principal stresses, respectively. This shows that the shield
crossing causes large changes to the stresses in the diaphragm wall,
especially for the tensile stress around the shield tunnel, which is det-
rimental to the diaphragm wall.

4.3. Bending moment in the diaphragm wall

In the design of a diaphragm wall regarding its geometric shape,
structure and the situation with the shield crossing, the bending mo-
ment is one of the major concerns which relates to the stability of the
diaphragm wall. For a circular diaphragm wall, the vertical and cir-
cumferential bending moments should be of concern as they are the
controlling factors.

In this study, the positive and negative bending moments refer to
the directions opposite to each other, which follow the right-hand rule.
For the vertical bending moment, the relative large positive bending
moment are distributed 1.8m above the shield tunnel. Fig. 16 shows
the angle θ increases along the perimeter of the diaphragm wall at
1.8 m from the vault of the shield tunnel. Further, Fig. 17 shows the
moment distribution curve along the perimeter of the diaphragm wall
with θ = 0° to 180°. Since the model is symmetrical, this is why
θ=0–180° is chosen, and the sign of the moment is shown at lower
right of Fig. 17. The curves are symmetrical about θ=90°, and the
maximal positive vertical bending moments are located around θ=70°
and θ=110°, indicating that the maximal positive vertical bending
moments are distributed at the upper right and upper left zones of the
shield tunnel. However, the maximal negative vertical bending moment
(i.e. 600 kNm as shown in Fig. 18) is at the perimeter of the shield
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Table 2
Maximum and minimum principal stresses in the diaphragm wall.

Maximum principal stress
(MPa)

Minimum principal stress
(MPa)

Before shield crossing 0.39 2.47
After shield crossing 1.99 6.32
Increment 410.26% 155.87%
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Fig. 14. Maximum principal stress distribution along the perimeter of shield tunnel.
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tunnel at around Φ=75° with the increase of angle Φ shown in Fig. 11,
which indicates that the maximal negative vertical bending moment is
located at the upper centre of the perimeter of the shield tunnel.

For the circumferential bending moment, the relative large positive
bending moments are distributed at 1.9m from the lateral sides of the
shield tunnel. Fig. 19 shows the circumferential bending moments in
the diaphragm wall in the depth direction via the 1.9m point from the
lateral sides of the shield tunnel. The maximal positive bending moment
(i.e. 126 kNm) is located at the place with the depth=30m. However,

the maximal negative circumferential bending moment (i.e. 557 kNm)
is at the perimeter of the shield tunnel, and at around Φ=55° with the
increase of angle Φ shown in Fig. 20, which indicates that the maximal
negative circumferential bending moment is also located at the upper
centre of the perimeter.

As a comparison, Table 3 summaries the maximal bending moments
in the diaphragm wall before and after the shield crossing. For the
vertical bending moments, comparing to the bending moments before
the shield crossing, the bending moments after the shield crossing have
increased by 228.34% and 115.83% for the maximal positive and ne-
gative vertical bending moments, respectively. For the circumferential
bending moments, comparing to the bending moments before the shield
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Shield crossing

1.8m

Fig. 16. θ increases along the perimeter of the diaphragm wall at 1.8m from the vault of
shield tunnel.
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Table 3
Maximal vertical and circumferential bending moments in the diaphragm wall.

Vertical bending moment
(kNm)

Circumferential bending moment
(kNm)

Positive Negative Positive Negative

Before shield
crossing

247 278 69.5 344

After shield
crossing

811 600 126 557

Increment 228.34% 115.83% 81.29% 61.92%
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crossing, the bending moments after the shield crossing have increased
by 81.29% and 61.92% for the maximal positive and negative cir-
cumferential bending moments, respectively. The results indicate that
the shield crossing causes large changes in the bending moments in the
diaphragm wall, especially for the change in the vertical bending mo-
ments around the shield tunnel, which is detrimental to the diaphragm
wall.

4.4. Summary

Deformation: after the shield crosses the diaphragm wall, the
maximum deformation (i.e. 5.52mm) is near the lateral sides of the
shield tunnel, which is much larger than that before the shield crossing.

Principal stress: after the shield crosses the diaphragm wall, the
positive maximum principal stresses are mostly ranged from 60° to
120°, and the largest stresses are distributed at both lateral sides of the
shield tunnel. Further, the maximal minimum principal stresses are
mostly located at around 30° and 120°, distributed at the upper and
lower zones of both lateral sides of the shield tunnel. In addition, the
largest maximum and minimum principal stresses are increased by
410.26% and 155.87% comparing to those before the shield crossing.

Bending moment: for the vertical bending moments, the maximal
positive bending moment is distributed at the upper zones of the shield
tunnel, and the maximal negative bending moment is at the perimeter
of the shield tunnel. For the circumferential bending moments, the
maximal positive bending moment is distributed 1.9 m from the lateral
sides of the shield tunnel, and the maximal negative bending moment is
also at the perimeter of the shield tunnel. Accordingly, the influence of
the shield crossing causes large changes in the bending moments in the
diaphragm wall, especially for the change of the vertical bending mo-
ments around the shield tunnel.

In summary, the impact of the shield crossing on the deformation
and force (stress and moment) in the diaphragm wall is large, which is
detrimental to the diaphragm wall.

5. Conclusions

To obtain the exact characteristics of the deformation and force in
the diaphragm wall, a detailed three-dimensional numerical model,
with special methods considering the effects of panel joints and shield
crossing, has been developed. The panel joints have been simulated by a
HINGE mode of the connection type, and the effect of the shield
crossing has been realized by modelling the excavated concrete using
the solid elements, which interact with the surrounding soils that have
been simulated with the ground springs.

According to the analysis of the deformation, principal stress and
bending moment in the diaphragm wall, large changes have taken place
due to the effect of shield crossing. The maximum deformation, and the
largest maximum and minimum principal stresses are at the perimeter
of the shield tunnel. Further, for the bending moment, the largest ne-
gative vertical and circumferential bending moments are at the peri-
meter of the shield tunnel, yet the largest positive vertical and cir-
cumferential bending moments are distributed around the perimeter of
the shield tunnel. For the largest tensile stress and vertical bending
moment, there are large changes in the diaphragm wall around the
shield tunnel, which is detrimental to the diaphragm wall. Hence, it is
concluded that the shield crossing has a significant effect on the de-
formation, stress and bending moment in the diaphragm wall.
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