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ABSTRACT: The shield tunnel actually is a slender construction which has many weak spots in the longitudinal
direction. Because of the character, the longitudinal non-uniform deformation of the tunnel would happen easily.
With increasing of shield tunnel in China, the problem of the longitudinal non-uniform deformation has become
attracted. The equivalent continuous model which has clear concept and could be calculated simply has been used
widely in projects to analyze the longitudinal performance of the tunnel. The shell-spring model which bases on
the three-dimensional FEM was introduced to analyze and modify the error of the equivalent continuous model
which was due to the increasing of the width of linings segment. The suggested range of the effective ratio of
the longitudinal rigidity in common situations of the shield tunnel was induced.

1

INTRODUCTION

With the development of municipal works in china,
the shield tunnels which are mainly used in soft ground
have been in a widespread availability. The layer which
has been traveled by the shield tunnel has become
more and more sophisticated. So the problem that
longitudinal non-homogeneous deformation occurs on
the tunnel lining because of its traveling sophisticated
layers has become attracted.
Now there are mainly two kinds of exiting longitudinal calculation models which are equivalent continuous model and longitudinal beam-spring model to
analysis the longitudinal mechanical property of the
shield tunnel linings. The equivalent continuous model
simplifies the tunnel a continuous beam which is on
the elastic foundation in the longitudinal direction and
recognizes that the cross section of the tunnel lining is
uniform. At the same time, it considers that the deformation of the tunnel in the longitudinal direction is
continuous at the longitudinal joints. The influence of
the longitudinal joints of rings is simplified by the
way of equivalent rigidity. The equivalent continuous
model has the clear conception and it is easy to be
calculated, so the model has been used widely in the
actual projects.

With the advancement in the design and construction
experience, there is a trend to increase the width of the
segmental linings. For example, in Japan, the width
of the lining segment was 0.8 ∼ 0.9 m in past, it was
developed to 1.0 m in 1975, and the width of the tunnel linings used in Gulf of Tokyo was indeed up to
1.5 m; in China, the width was developed from 1.0 m
for shanghai subway to 1.5 m for Guangzhou No.2
subway, and the width of 1.2 m has been commonly
adopted in Guangzhou subway No.1 line, Nanjing subway, Shenzhen subway and Beijing subway No.5 line.
The segment ring width of the tunnel which traverses
the Yangzi River in Nanjing was 2.0 m. The number
of joints can be reduced by 20% by increasing the
width of the lining segment. The production cost can
be reduced, and the waterproof quality of the tunnel
can be improved because of reduction of the number
of joints.
The equivalent continuous model discussed above
assumes that the joints of ring have the influence on
mechanical performance of rings segment along the
whole width. This model considers that the delivery
of the deformation and internal force of linings along
the longitudinal direction is continuous and homogeneous. Actually with the increasing of the width of the
segment ring of linings, the shear force produced by
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the bolts of the joints leads to the increases in bending
stress which are concentrated on the edge of the ring.
The delivery of the deformation and internal force of
linings along the longitudinal direction is inhomogeneous especially at the joints of rings because of the
concentration of the stress. The equivalent continuous
model which is the 2D model isn’t able to reflect the
complexity of the deformation of the linings increasingly while the width of segment linings increasing.
Thus it is a need to modify the equivalent continuous
model and make it suitable to the development of the
shield tunnel.
Huang & Zang (2003) considered the influence of
the prestress of the longitudinal bolts on the longitudinal rigidity of linings, and modified the equivalent
continuous model.
Liao (2002) improved the equivalent continuous
model, considered that the influence area of joints of
rings is finite and not the whole ring length and suggested that the effective ratio of longitudinal bending
rigidity of the Shanghai subway was in the range of
1/7–1/5.
Huang & Xu (2005) suggested the values of the
effective ratio of longitudinal and transversal rigidity of shield linings in Shanghai area though indoor
modeling tests.
In this study, the 3D numerical simulation called
the shell-spring model which could reflect the actually mechanical performance of the segmental linings
properly was introduced to modify the equivalent continuous model. In this model, the segments of the
shield tunnel lining are simulated by the association
of shell elements, the joints of the segments are simulated by the spring-elements, and effects of the soil
support are realized by the soil-spring elements.

Figure 1. Typical section of tunnel lining.

Figure 2. Local coordinates and global coordinates.

2.2 Segmental joint element
2 THREE-DIMENSIONAL MODELLING OF
SHIELD TUNNEL LINING
Figure 1 shows a typical section of shield tunnel lining. In the shield tunnel construction, the segmental
linings of each ring are jointed together by the bolts
in transverse direction of tunnel. Similarly, two consecutive rings are connected together by the bolts in
the longitudinal direction of tunnel. In the numerical
modeling, two coordinate systems were used: global
coordinates (x′ , y′ , z ′ ) as shown in Figure 1 and local
coordinates (x, y, z) which were used to describe the
stresses and deformations for a single element.
2.1 Shell element
In this study each segmental lining was modeled by a
mesh of three-dimensional shell elements. Each shell
element has four nodes. Each node has six degrees of
freedom, which are axial and angular displacements
in x, y and z direction.

Each ring of tunnel lining is composed of several
segmental linings, which are connected together by
the bolts in the transverse direction of tunnel. The segmental joint element was used to simulate the joints
between the segmental linings. Zhu and Tao (1998)
have put forward the beam-joint discontinuous element to simulate the mechanical behavior of linings
and joints in both transverse and longitudinal direction
of tunnel. They adopted the non-linear numerical analysis through the concept of Goodman element (1968).
In their model the joint element exhibits tensile resistance to simulate the bolt connection. Their numerical
result shows that the beam-joint discontinuous model
was suitable for simulating the non-linearity of joint
and discontinuous deformation of linings.
In this study, the concept of Goodman element was
used together with the three-dimensional joint element. The axial, shear and rotation of the segmental
joint element in the local coordinates system are
described by axial stiffness (Ksx ), shear stiffness in
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radial and tangential shear in the linings, the tension
and compression along the longitudinal direction of
tunnel were also considered.
The axial, shear in radial and tangential direction of
the longitudinal joint element in the local coordinates
system (x, y and z) are described by axial stiffness
(Krz ), shear stiffness in radial direction (Kry ), shear
stiffness in tangential direction (Krx ), respectively.
Each longitudinal joint element has two coincidence
nodes. The discontinuity of joint between two rings is
denoted by the relative displacement of two nodes in
the local coordinates systems. Each node of the longitudinal joint element has three degrees of freedom
which are axial displacement in x y and z direction.
The radial and tangential shear, and axial force in the
longitudinal direction of tunnel are considered in each
node. Compressive stiffness is assumed to be infinite.
Tensile stiffness is the same as the stiffness of bolt,
k = EA/L, where E is Young’s modulus of bolt, A is
cross-section area, L is length.

Figure 3. Segmental joint element.

2.4

Soil-spring element

The interaction between the segmental tunnel linings
and the surrounding ground was modeled by the soil
spring in this study. In this paper, the radial and tangential spring was used to simulate the radial and
tangential force acting on the segmental linings from
the ground. The springs were arranged over the whole
circular section of the tunnel lining.
3

Figure 4. Longitudinal joint element.

radial direction (Ksy ), shear stiffness in tangential
direction (Ksz ) and rotational stiffness (Kθ ), respectively. Each segmental joint element has two coincidence nodes. The discontinuity of the joint between
two segmental linings is denoted by the relative displacement of two nodes in the local coordinates system
x, y and z direction. Each node of the segmental joint
element has four element has four degrees of freedom,
which are axial displacement in x, y, z direction and
angular displacement in z direction.
2.3

Longitudinal joint element

The shear model was used to simulate the reinforcing
effects in the longitudinal direction of tunnel induced
by the staggered arrangement of linings in the beamjoint discontinuous model. The shear model include
radial and tangential shear of the linings. In this study,
the beam-joint discontinuous element was extended to
the three-dimensional joint element. In addition to the

NUMERICAL SIMULATION AND
ANALYSIS

The numerical simulation was used to calculate the
longitudinal rigidity of the shield tunnel linings. In
this study, the effect of the soil didn’t need to be considered. So the soil-spring elements in the simulation
system were neglected. The simulated model is shown
in figure 5. There are four rings in the model and
boundary condition is selected to be one side fixed
and one side free. The outside and inside diameter
is 6.2 m and 5.5 m. the linings were constructed by
C50 concrete. The young’s modulus of concrete is
3.45 × 104 N/mm2 (see Table 1).
The arrangement of segmental linings is stagger
joint. Figure 5 shows that there are six segmental linings in each section. Segment A B and K have a central
angle of 67.5◦ , 68.0◦ and 21.5◦ , respectively. The linings are arranged in sequence and in stagger in the
longitudinal direction of tunnel, as shown in Figure 5.
There are 18 bolts which connected two consecutive
rings of linings in the longitudinal direction of tunnel.
For analyzing the longitudinal banding rigidity of
the linings, the model of numerical simulation (shown
in Figure 6) was adopted. In this study, the linings
is one end fix and one end free for loading. The
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Figure 7. Equivalent continuous model for shield lining.

The mainly model parameters in numerical simulation are shown below.
Outside diameter of the tunnel: D = 6.2 m; inside
diameter: d = 5.5 m;
The thickness of the lining: t = 350 mm;
The diameter of the bolts: d = 30 mm;
The length of the bolts: l = 400 mm;
The number of the bolts: n = 17;
Young’s modulus of the bolts: Es = 2.1 ×
105 N/mm2 ;
Poisson’s ratio of the bolts: ν = 0.3;
Yield stress of the bolts: [σy ] = 6.4 × 105 N/mm2 ;
Breaking stress of the bolts: [σf ] = 6.4 ×
105 N/mm2
The grade of the concrete: C50
Young’s modulus: Ec = 3.45 × 104 N/mm2 ;
Poisson’s ratio: ν = 0.3.

Figure 5. Arrangement of segmental linings in first and
second sections.
Table 1. Influence of the lining segment width to the
longitudinal equivalent bending rigidity.
Width of lining segment/m

1

1.4

1.8

Analytical solution/GPa
Numerical simulation/GPa

72.43
100.8

100.64
159.7

128.48
205.9

3.2 The influence of the lining width to longitudinal
rigidity of tunnel lining
The equivalent continuous model simplifies the tunnel
a continuous beam which is on the elastic foundation in
the longitudinal direction and recognizes that the cross
section of the tunnel lining is uniform. At the same
time, it considers that the deformation of the tunnel in the longitudinal direction is continuous at the
longitudinal joints. The influence of the longitudinal
joints is simplified by the way of equivalent rigidity
(Figure 7).
The equivalent banding rigidity of the tunnel:

Figure 6. Simulation model.

displacement of the free end of lining would be
observed.
3.1

The effective rate of equivalent banding rigidity:

Model parameters

The model parameters used in the segmental and longitudinal joint element were chosen based on the national
and international shield tunneling experience and are
summarized. For the stiffness of segmental joint, the
values are the total stiffness of one ring. In the numerical simulation, each ring is further divided into four
portions in the longitudinal direction of tunnel as
shown in Figure 4.

ϕ could be solved with this formulation:
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Where Kj —the elastic stiffness rigidity of all longitudinal bolts, Kj = n·kj
kj —the elastic stiffness rigidity of one longitudinal
bolt
Ic —inertia moment of the section
π
· [D4 − (D − t)4 ]
Ic =
64
Ec —Young’s modulus of the linings
Ac —cross-section area of the linings
ϕ—the position angle of the neutral axis.
Figure 8 shows the relationship between the average vertical displacements of the observed points at
the free end which calculated by the simulation model
based on shell-spring model and the loads when the
width of linings is 1 m, 1.4 m and 1.8 m. It could be
concluded that the displacements which is calculated
by the simulation model are generally lower than the
analysis solution which is calculated by the equivalent
continuous model.
3.3 Analysis of simulation results
As the Table 1 shown, the equivalent rigidity of
the equivalent continuous model is lower than the
numerical values. Actually, the influence area of the
longitudinal joints to the whole lining’s deformation is finite. And the simplified assumption of the
model which considers the influence is at the whole
ring of lining is not correct. The equivalent banding
rigidity of the equivalent continuance model should
be lower than the actual values. Besides that, the
influence of the arrangement of segmental linings
to the longitudinal performance of the tunnel isn’t
considered by the equivalent continuous model and
the influence of that should not be ignored when
the internal force delivers along the longitudinal linings. The local deformation at the joints of rings also
could influence the delivery of the endogen force.
This phenomenon is just so-called local arrangement
effect.
With the lining width developed, the difference of
longitudinal equivalent rigidity between the simulation
model and the equivalent continuous model became
bigger (Figure 8 & Table 2).
It was also approved that with the lining segment
width increasing the influence of the joints of rings
to the whole rings’ performance became reduced. And
this change above can not be reflected by the equivalent
continuance model which generally adds the influence
of the joints of rings to the whole ring’s performance
as the width of lining developed. And, the error of the
equivalent continuous model would increase (Table 2)
while the width of linings increases.
As the Table 2 shown, the effective ratio of the longitudinal rigidity has been increased when the width of

Figure 8. Relationship between the load and the average
vertical displacement of the observed points at the free end.

Table 2. Influence of the lining segment width to the
effective ratio of the longitudinal rigidity.
Width of lining segment/m

1

1.4

1.8

Equivalent continuous
model
Numerical simulation
Difference between the
above two models (%)

1/12.14

1/8.74

1/6.85

1/8.73
39.1

1/5.51
58.6

1/4.27
60.4

lining increased. Actually, with the number of joints
of rings and its influence decreased the longitudinal performance of the segmental lining tunnel has
become more similar to the homogeneous tunnel.
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4

CONCLUSIONS

1 The equivalent bending rigidity which is used in
the analytical solution of the equivalent continuous
model is lower than the actual values. Because of
the assumption of the model, the calculated method
of the equivalent bending rigidity in the equivalent
continuous model couldn’t reflect the influence of
the segmental arrangement effect which generally
causes the delivering discontinuity of the internal
force of the linings at the joints of rings.
2 With the width of lining increasing, the error of
the equivalent bending rigidity in the classical
equivalent continuous model would increase.
3 When the width of linings is the general range of
1.0 m ∼ 1.8 m used in the shield tunnel engineering
in China, the effective ratio of the longitudinal bending rigidity of the common situations of the subway
could be in the range of 1/8.73 ∼ 1/4.27.
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