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Abstract

The dynamic response of the overlapped shield tunnels subjected to the train-induced vibration is studied using a nonlinear
finite element software. A three-dimensional numerical model is established, and the fabricated segment linings which contain
steel bars are used to simulate the shield tunnel. The interaction behaviors, i.e., tensile, shear, and bending, between segment
linings are successfully captured by defining the segment lining circumference interface and the joint bolt model. The results
show that the dynamic response of the segment linings of the overlapped shield tunnels is affected by the vibration loads caused
by the running trains. The additional internal forces generated in the shield tunnels with the fabricated segment linings (joint
interfaces are explicitly represented) are larger than those of tunnels which use homogeneous equivalent stiffness model. The
opening and staggered deformation response of the joint interfaces is related to the train locations. The axial force and shear
response of the bolt under the dynamic load of the train are closely associated with the opening and staggered deformation of
joints. The steel spring floating slab can greatly reduce the vertical acceleration and the displacement at the arch bottom of
the lower tunnel. The vertical acceleration and the displacement of the bottom arch at the L-III segment lining with the steel
spring floating plates are 0.65 times and 0.78 times of the tunnels without the steel spring floating plates, respectively. This
study reveals the vibration response features of the overlapped shield tunnels under the train-induced vibration loads, which
will help improve the waterproofing capacity and stability of shield tunnels.

Keywords Overlapped shield tunnel - Train vibration load - Segment lining radial internal force - Joint bolts - Joint internal
force - Interface deformation

1 Introduction

The urbanization population is increased dramatically in
China. Most of large cities in China are developing or plan-
ning the urban subway projects to alleviate the pressure
of urban traffic. At present, metro tunnels are mainly con-
structed by using shield tunnel method. The formation of
the overlapped shield tunnels is inevitable. For instance, a
total mileage of 185.65 km have been put into operation for
Wuhan subway and some of the metro lines are overlapped
vertically. This type of overlapped structures is prone to dam-
age as they are subjected to the train-induced vibration loads
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as well as the interaction between the upper and lower tun-
nels. The complex loading condition could lead to opening
and staggering of the segment linings of the overlapped tun-
nels, which would affect the waterproof performance of the
tunnel structure [ 1-4]. Therefore, it is of great significance to
study the dynamic response of the overlapped tunnel struc-
ture under the train caused vibration load, which would be
helpful for the reinforcement design and for the determina-
tion of relative distance between overlapped tunnels.

Dynamic response of the tunnels under the train-induced
vibration loads has now attracted considerable attentions. Lai
et al. [S]analyzed the vibration response of the metro tunnel
structure in terms of acceleration, velocity, displacement, and
stress, for the crossing tunnel structure (CTS) of Metro Line
2 and the Yongningmen tunnel in Xi’an, China.

Clot et al. [6] used a three-dimensional dynamic model
to calculate the ground-borne vibrations generated by har-
monic loads which were applied on the interior floor of a
double-deck circular tunnel. Xue [7] found that the spatial
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distributions of dynamic displacement, velocity, accelera-
tion, and stresses of the rail-tunnel-foundation system are
associated with time and space. Gardien and Stuit [8]
presented a modular model to simulate the railway traffic-
induced vibrations, and their model considered the static
deflection model (3D FEM), the track model, and the prop-
agation model. Yanet al. [9] studied the dynamic response
of the tunnel linings under various vehicle speeds and rock
mass properties. Real et al. [10] developed a 3D numerical
FEM model of a railway tunnel to predict railway-induced
vibrations, and the FEM model is validated by in situ mea-
surements.

Effects of joints between segments on the mechanical
properties of tunnel linings have also been studied. Ghare-
hdash and Barzegar [11] compared the dynamic response of
the shield tunnel buried in soft soil when the joint effects
are considered and when the joint effects are not considered.
Li et al. [12] studied the influences of the calking groove
and the pretightening bolt on the mechanical behavior of the
structure, by establishing three-dimensional solid segment
and bolt model for the cast iron segment. Yan et al. [13]
studied the failure behavior of joint bolts in a shield tunnel
under the dynamic impacts induced by trains. In their study,
a three-dimensional numerical model of a shield tunnel was
established with consideration of joints between segments.
Hefny and Chua [14] showed that the increase in the joint
number reduces the maximum bending moment induced in
the lining. However, the effects of the joint number on the
maximum bending moment of the lining become insignifi-
cant once the critical joint number has been exceeded. Deng
et al. [15] studied the dynamic response of the shield tun-
nel buried in thick soft soil under the vibration induced by
a metro train. The A-B-K segments were used in his model,
and the joint effects were considered. Mo et al. [16] also stud-
ied the dynamic response of a shield tunnel buried in thick
soft soil with consideration of joints between segments.

In practice, the vibration loads induced by a train vary with
time and, however, the above study does not consider the
time-dependent vibration loads induced by the train. In addi-
tion, the interaction mechanism of the overlapped tunnels is
also not accounted for. A few studies have been conducted
on the dynamic response of the overlapped tunnel structure
where the prefabricated segment linings are installed, with
the consideration of joint bolt internal force and the joint
interface deformation.

The dynamic response of the overlapped tunnel of the
Wuhan Metro Line 2 (from Xunlimen station to Jiyugiao
station) and the Line 6 (from Jianghan Road station to Dazhi
Road station) is numerically studied in this paper (Fig. 1).
The finite element software ABAQUS [17] is used, and a
three-dimensional model of the overlapped tunnel is estab-
lished. The joints between the segments are represented by
interface elements and joint bolts. The study is focused on
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Fig. 1 Schematic diagram of overlapping of Metro Line 2 and Line 6
in Wuhan, China

the dynamic response of the tunnel lining, the internal force
of segment lining, the opening and sliding of the interface
between segments, and the mechanical properties of joint
bolt and steel bar.

2 Numerical Model

The overlapped tunnel section of Wuhan Metro Line 2 and
Line 6 is mainly located in silty clay, which is considered as
homogeneous soil layer in the following numerical model-
ing. Table 1 lists the soil parameters used in modeling. Metro
Line 2 and Line 6 adopt the same cross-sectional circular lin-
ing with the inner diameter of 5.4 m and the outer diameter
of 6.0 m. The lengths of Metro Line 2 and Line 6 are 80
and 100 m, respectively. The structure of the segment lining
is shown in Fig. 2a. C50 reinforced concrete segments were
used during the construction of Metro Line 2 and Line 6.
The thickness and width of the linings are 0.3 and 1.5 m,
respectively. The segment lining circumference adopts the
‘3 4+ 2 + 1’ block method: 3 standard blocks (center angle
is 67.5°), 2 adjacent blocks (center angle is 68.0°), and 1
capping block (center angle is 21.5°). The lining interface
is connected with 16 longitudinal bending bolts and 12 cir-
cumference bending bolts. The bolt diameter is 27.0 mm,
and the Poisson’s ratio is 0.17. The finite element numeri-
cal model used in this study is shown in Fig. 2. Figure 2a
shows the structure of the segment lining ring, Fig. 2b shows
the whole model, Fig. 2c shows only the overlapped tunnels,
and Fig. 2d illustrates the local fabricated segment linings of
a shield tunnel.

The length and width of the model are 100.0, 80.0, and
60.0 m, respectively (Fig. 2b). The net vertical distance
between the upper and lower tunnels is 2.0 m. The depth
of the upper tunnel is 7.5 m. The segment linings are simu-
lated by solid element (C3D8R) as shown in Fig. 2b. All the
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Table 1 Physical and mechanical parameters

Material name Density/(kg/m3) Elastic modulus/MPa Poisson ratio Friction angle (°) Cohesion/ MPa
Soil layer 1900.0 50.0 0.35 22.0 0.03

Segment 2500.0 34,500.0 0.20 - -

Ballast bed 2200.0 19,800.0 0.24 40 1.1

Rail 7800.0 210,000.0 0.17 - -

boundaries except for the upper boundary are simulated using
a continuously distributed parallel spring-damper system.
According to Gu (2015) [18], the spring stiffness and damp-
ing coefficient in tangential and normal directions used in this
study are determined as: 1.44 x 10°kNm, 2.85 x 10°kNm
and 3.64 x 10°m/s, 7.78 x 10° m/s, respectively.

The surrounding soil layer and the ballast bed are also
modeled by solid element (C3D8R). The Mohr—Coulomb
elastic—plastic constitutive model is used for the surrounding
soil layer and the ballast bed, whereas the elastic constitutive
model is used for the segmental linings, track, and rail. The
physical parameters of soil layer, segment, ballast bed, and
rail are shown in Table 1.

2.1 Segment Lining

The subway shield tunnel is a prefabricated lining struc-
ture which is made up of fabricated segments connected
by circumferential and longitudinal bolts (Fig. 2d). There
are a lot of interfaces or joints between segment linings.
Segment joints or interfaces are the weakest parts of the
structure, which greatly affect the overall deformation of the
tunnel. It is of great importance to properly simulate the joint
behavior. The segment joint includes two components: lin-
ing concrete and joint bolt. In numerical modeling, these two
components are modeled separately with the special focus
on the joint effects and the interaction behavior between seg-
ments. In reality, the compressive and shear forces of the
shield structure are mainly carried by the lining concrete,
the tensile forces are mainly carried by the bolt, and the
joint bending moment is carried by both lining concrete and
bolts. The shield concrete and the joint bolt are simulated
by the solid element (C3D8R). The two ends of the bolt are
embedded in the lining concrete. The elastic modulus and
the tensile strength of the bolt are 210.0 GPa and 800.0 MPa,
respectively. The interaction between the segment linings are
modeled by the interface elements. The interface and the joint
are shown in Fig. 3.

Special attention should also be paid to the interaction
between segment lining and the surrounding soil layer. This
interaction is represented by the interface element. The nor-
mal contact of the interface element is ‘hard contact,” which
can transfer all kinds of interfacial pressure between the con-

crete and allow separation after contact, while the tangential
contact is represented by the Coulomb friction model based
on the penalty function, and the relative slip will remain
still until the tangential stress reaches the predefined shear
strength. The formula for the tangential contact is defined
as: T = P, where t is the critical shear strength, u is
the friction coefficient, with the value of 0.70, and P is
the normal contact pressure. The interaction between the
track bed, the segment lining and the track is simply bound
together by a ‘tie’ to simulate the overall forces and defor-
mations.

Reinforcement (i.e., steel bars) of the segment linings is
simulated by Truss elements. Steel bars are embedded in the
segment concrete to simulate the reinforced concrete struc-
ture. Figure 4 shows an example of the reinforcement of the
segment linings.

HPB300 (hot-rolled plain bar) with high strength and
good plasticity is used as reinforcement in tunnel lining. The
yield strength of the reinforcement is 300 MPa, the ultimate
strength is 420 MPa, and both the designed tensile and com-
pressive strength are 270 MPa. The outer bars include 8 steel
bars of 22 mm diameter and 8 bars of 18 mm diameter. The
inner steel bars include 16 bars of 32 mm diameter. The bar
density is 7800.0 kg/m3, the Poisson’s ratio is 0.17, and the
elastic modulus is 206.0 GPa. The Esmaeily model [19] is
used to capture the yield, hardening, and softening behavior
of steel bars. The model considers the yield point, hardening
starting point, stress peak, and limit point of the steel bar,
which is in good agreement with the material test results of
steel bars. The constitutive relation of the Esmaeily model
[19] is shown as follows:

Eseés,
fy(N),
ka fy(N) + 20508 (o — kaey)?,

g5 < &y

os(N) = gy < &s < kigy,

Es >k18y
)]

where o, ¢ are the stress and strain of steel bars, respectively;
E is the elastic modulus of the steel bar; f, and &, are the
yield strength and yield strain of the steel, respectively; their
values are determined as 300.0 MPa and 0.0015, respectively;
k1 is the ratio of the steel bar strain at the hardening starting
point to the yield strain, and the value is 4.0; k» is the ratio
of the peak strain to the yield strain of the steel bar, and the
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Fig.5 HPB300 steel stress—strain relationship

value is 30.0; k3 is the ratio of the peak stress and the yield
strength of the steel bar, and the value is 1.4. Figure 5 shows
the stress—strain relationship of the HPB300 steel bars.

2.2 Equivalent Stiffness of Tunnel Structure

The dynamic analysis requires high computational resources,
especially when the joint interfaces are considered. Hence,
only part of the tunnel is simulated by the fabricated segments
and joint bolts, with the objective to improve the computa-
tional efficiency: only three circumference segments (I-IIT)
in the middle of Line 2 (hereinafter referred to U tunnel) and
five circumference segments (I-V) in the middle of Line 5
(hereinafter referred to as L tunnel) are modeled, as shown
in Fig. 2b. The remaining segment linings of tunnel are mod-
eled using the equivalent principle of flexural rigidity, where
the joint effects are taken into account by reducing the over-
all bending rigidity of the structure. The equivalent bending
stiffness equations are shown as follows [13]:

(Eleq = LU @
cosg + (5 +¢)
¢+cm¢=n<05+ K ), 3)
EsAq/l

where ¢ is the angle between the neutral axis and the
horizontal line of the center of tunnel; E and Ag are lin-
ing elastic modulus and tunnel circumference section area,
respectively; A, = w(D? — d*)/4, D and d are the outer
diameter and inner diameter of the shield tunnel, respectively.
Moment of inertia of circle sectionly = 7 (D* — d*)/64;
bolt tensile stiffness is the tensile stiffness of a single bolt,
is the number of longitudinal bolts between circumferences,
and is the lining circumference width. The equivalent flex-
ural rigidity of tunnel lining is calculated as 4.3 x 107
kN m?.

2.3 Soil Layer Damping

The damping used in this model is the Rayleigh damping,
which is commonly used in dynamic analysis. The damping
matrix is proportional to the mass and stiffness matrix, and
its expression is:

[C]=a[M] + BIK], “

where [M], [C], and [K] are the model’s mass matrix,
damping matrix, and stiffness matrix, respectively; « is the
mass-dependent damping coefficient, and g is the stiffness-
dependent damping coefficient. The relationship between the
correlation coefficients and the damping ratio is satisfied:

o Bwk
= 2 T2

(k=1,2,3...n), 5)
where & is the damping ratio and wy is the free frequency.
Two natural frequencies, w; and w;, can be obtained by the
frequency analysis of the model. Assume that the correspond-
ing damping ratio are constants, i.e., §] = & = & = 0.05;
the coefficients « and § can be determined by:

2wiwy

a =0.05 x B =0.05 x 6)

w1 + @y w1 + @y '
The two natural frequencies, w; and w», can be deter-
mined by analyzing the frequency: w1 = 5.56rad/s and
wy = 5.60rad/s. Hence, the coefficients o and B can be
reached: « = 0.279 and f = 0.009. According to formula
(4), Rayleigh damping formula can be expressed as:

[C]=0.279[M] + 0.0090[K]. @)
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Wuhan Metro Line 2 and Line 6 trains are B-type vehicles, ' ,
using 6 compartments marshaling. The length of each car- 100 - il 1100
riage is 19.0 m, the wheelbase is 2.2 m, the distance between
the front and rear bogies is 12.6 m, and the standard gauge of Z
1435 mm is adopted. The designed maximum strain speed is = B &0
80 km/h. In this paper, the running speed of train is 72 km/h,
and the train-induced loads which are moving with the train’s Eillect ! ) én
movement are shown in Fig. 6. 3
Research shows that the main factors affecting the train-
induced loads are the wheel-rail interaction and the dynamic 40 0 ; . ; 840
6

effect. Currently, the train load time-history fitting formula
is generally used in numerical modeling:

F (t) = Py + Py sinwit + P> sinwst + Pz sin wst, ®)

where Py is the wheel static load; P, P>, and P3 are vibra-
tion loads; the corresponding vibration load amplitude is
expressed as follows:

Pi = Moo? (i =1,2,3), )

where M is the unsprung mass under the train; o; is the typ-
ical vector height; w; is the circular frequency of the uneven
vibration wavelength at the corresponding vehicle speed. The
formula is:

2rv |
Wi == (i=12,3),

1

(10)

where v is the train running speed; L; is a typical wavelength.
In this paper, one side of the train static load is Py = 80kN
and the unsprung mass under the train is My = 750 kg.
The irregular vibration wavelength and the vector height are:
L1 =100m,a; =3.5mm; L, = 2.0m, ap = 0.4 mm,;
L3 = 0.5 m, a3 = 0.08 mm, respectively. Figure 7 shows
the time—history curve of train vibration load.

In the field, the train-induced vibration loads are trans-
ferred to the rail track by the wheel and are further distributed
to the segment linings. In addition, the vibration loads applied
to the segment linings vary with time. The influences of
train operation on the adjacent overlapped tunnels are stud-
ied herein. The simulation only takes into account the case

Springer
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Fig.7 Vertical vibration load curve of train (72 km/h)

of train running on the No. 6 line (the lower tunnel), with
the aim to avoid the interference of trains running on the
upper and lower at the same time. The direction of metro
train operation is shown in Fig. 2a.

The shield tunnel contains fabricated segment linings with
a large number of interfaces. Hence, the overall stiffness of
the shield tunnel is relatively small, and the tunnel has poor
stability. In order to facilitate the further discussions, tun-
nel segments are labeled by Greek letters I-V and joints are
labeled by numbers (D) ~ (6), which are shown in Fig. 8.

The segments of the overlapped section are labeled along
the train driving direction. The segments of the upper tunnel
are labeled by U-I to III, and the segments of the lower tun-
nel are labeled by L-I to V in turn. The joints or interfaces
between segments are labeled by (D ~ (6 starting from the
cap block counterclockwise. For example, U-II-1 represents
the first interface or joint of the second segment of the upper
tunnel.

3 Results Analysis

The dynamic response of overlapped tunnels under train
vibration load is numerically studied, and the results inter-
pretations are presented herein.
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Fig.9 Dynamic response time-history curves of midpoint of tunnel U-II section. a Acceleration. b Displacement. ¢ Velocity

3.1 Dynamic Response Time-History of Segment

Lining

The train operation mainly causes vertical vibrations, which
are imposed on the tunnel linings. The dynamic response of

0.10

1 0.05

0.00

1-0.05

1-0.10

1-0.15

-0.20

curves, velocity vs time curves, and displacement vs time

curves are obtained from the numerical simulation. Figure 9
shows the dynamic responses of the midpoint of the U-II

the tunnel linings in terms of the vertical acceleration vs time

segment, and Fig. 10 shows the dynamic responses of the
midpoint of the L-III segment.
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Fig. 10 Dynamic response time-history curves of midpoint of tunnel L-III section. a Acceleration. b Displacement. ¢ Velocity

It takes 10.7 s for the train running through the overlapped
upper (U tunnel in Fig. 8) and lower tunnel section (L tun-
nel in Fig. 8). The vibration response curve can be divided
into five stages, based on the location of the train in the tun-
nel. When there is no train or the train is far away from the
overlapped structure of the tunnel, the segment lining is in a
relatively quiescent state, and the dynamic response values
such as acceleration and velocity are smaller about zero.

The Stage A is the train approaching stage, with the train
running time range of 0—1.5 s, during which the acceleration
and velocity values almost remain at 0; the displacement
shows a bit of fluctuation around 0 with the tendency to
increase in the negative direction. The Stage B is the stage
when a train reaches the overlapped tunnel section, with the
time range of 1.5-2.3 s. The acceleration value, velocity,
and displacement value increase gradually. The Stage C is
the stage when the train passes through the overlapped tun-
nel section, and the time ranges from 2.3 s to 8.4 s. The

@ Springer

acceleration and velocity values fluctuate greatly; the dis-
placement gradually increases to the maximum value and
fluctuates around that value. The Stage D is the stage when
the train is leaving the overlapped section, with the time range
of 8.4-9.2 s. The acceleration, velocity, and displacement
values decrease gradually. The Stage E is the stage when the
train runs away from the overlapped section. The accelera-
tion, velocity, and displacement decrease toward zero as the
train runs further away from the overlapped section.

The above analysis shows that the dynamic response of the
segment linings is closely related to the relative location of
the train. The train-induced vibration has greater influences
on the lower tunnel than the upper tunnel as the train runs
only in the lower tunnel. The maximum acceleration value
(0.52 m/s?) of the lower tunnel lining is only 10.4% of the
structural safety control value (5.0 m/s?) as specified in the
research project during the train operation.
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Fig. 11 Stress nephogram of overlapped tunnel segment circumference (Pa). a Upper tunnel. b Lower tunnel

3.2 Internal Forces of Segment Lining of Overlapped
Sections

The stress distribution of the segment lining can be expressed
by S22 stress. S22 stress is the circumferential stress under
cylindrical coordinate, which reflects the state of tension—
compression deformation at different positions of tunnel
lining. Figure 11 shows the stress nephogram of the over-
lapped tunnel section when the train runs at 5.4 s.

As can be seen, U- I and L-III have similar stress distribu-
tions. At the arch top and arch bottom of the segment linings,
the tensile stress is distributed inside of the segment linings,
while the compressive stress is distributed outside of the seg-
ment linings. At both sides of the arch waist, the compressive
stress is distributed inside of the segment linings, while ten-
sile stress is distributed outside of the segment linings. It can
be seen that the L-III segment lining has largest stresses, with
the maximum compressive stress occurred inside of the arch
bottom.

The segment linings are assumed to be in elastic stage. The
axial stress and the bending moment of the overlapped section
can be computed by integrating the stress of the segment:

1
N = 5(0'01 +092)S (1D
1 1
M = 5(0'01 —092)—, (12)
y

where N is axial force and M is the moment; oy and oyy are
the circumferential stresses of the inner and outer sides of the
segment, respectively; S is the section area of the segment;
I is the moment of inertia of the segment section about the
longitudinal axis of the tunnel (Z axis); y is the distance
between the center of the cross section and the distance from
the outer edge.

The effects of joints on the internal force distributions
are analyzed herein. Two numerical models are carried out:
The first one uses the homogeneous ring equivalent stiffness

model without consideration of joints; the second adopts the
fabricated segment lining model with consideration of joints.
The internal forces of U-II and L-III segments are plotted
in Figs. 12 and 13 in the form of radar diagrams, respec-
tively. The internal forces are extracted at every 9°, starting
from the top arch of the tunnel and moving around the tun-
nel clockwise. These figures show the influences of joints
on the internal force distributions of the overlapped tunnels
under static loads. Static loads include vertical and horizon-
tal earth pressure, water pressure, lining weight, foundation
resistance, etc. The vertical load of the upper tunnel is cal-
culated according to the actual overburden thickness, while
the lower tunnel is calculated according to Terzaghi’s verti-
cal earth pressure formula. The lateral pressure coefficient of
soil is 0.42, and the coefficient of formation elastic resistance
is 25 MN/m?>.

As can be seen in Figs. 12 and 13, the internal force distri-
butions of segment linings of overlapped tunnels under static
load are similar. The segment linings are subjected to com-
pressive axial forces. The top and bottom of the arch of the
tunnel are subjected to positive bending moment, while the
two sides of the arch waists are subjected to negative bend-
ing moment. The internal forces of the lower tunnel are larger
than those of the upper tunnel due to the larger buried depth.

By comparing the stress distributions of lining with and
without joints, it is found that the internal forces of the seg-
ment lining are relatively small when joints are taken into
account. This shows that the overall stiffness of the segment
is relatively small due to the existence of the longitudinal
interface and the joint bolts.

The train vibration load will cause the additional internal
forces on segment linings. Figures 14 and 15 show the radar
diagrams of additional bending moment and peak axial forces
caused by running trains.

It can be seen from Figs. 14 and 15 that the train-induced
internal force distributions of the overlapped section are sim-
ilar for the upper and lower tunnels. The L-segment is directly
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tunnel section
Circumferential bolt

(a)

—O— tunnel section
Circumferential bolt

(b)

Fig. 12 Internal force distributions of U-II segment under the static load. a Axial force (kN). b Bending moment (kN m)

tunnel section

affected by the train vibration loads, and hence the additional
internal forces are larger than those of U-segment.

When joints are taken into account, the axial force and
bending moment of the segment vary at different positions.
When joints are not considered, the overall axial force and
bending moment are distributed smoothly and do not have
abrupt changes. The internal forces of the segment with the
consideration of joints are 2-3 times greater than the ones
without joints.

The analysis shows that when lining joints are consid-
ered, the overall stiffness of tunnel is relatively small, and
the internal force distribution varies greatly due to the influ-
ence of the interface and bolts. Therefore, the joint effects of
lining structure should be considered in the future numerical
analysis of shield tunnel.

@ Springer

Circumferential bolt

—O— tunnel section
Circumferential bolt

(b)

Fig. 13 Internal force distributions of L-III segment under the static load. a Axial force (kN). b Bending moment (kN m)

3.3 Interface Opening and Stagger of Overlapped
Section

The lower tunnel experiences larger deformation, as it is
located in a deeper depth and is subjected to the direct
dynamic loads caused by trains. The L-III-3 joint is chosen
and studied with the purpose to analyze the opening and the
staggered deformation of the segment linings of the lower
tunnel. Figure 16 shows the vertical displacement and the
joint deformation of the lower tunnel.

It can be seen from Fig. 16 that the joint deformation of
the segment is large. Joints at the top and bottom of the arch
have a tendency to open inward, while the joint at the arch
waist tends to open outward. The contact state of the segment
interface of L-III-3 joint is analyzed (Fig. 17). The tunnel
inside is open (see the blue elements in the bottom right
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-with joint

without joint

—t tunnel section
Longitudianl bolt

(a)

—t tunnel section
Longitudianl bolt

(b)

Fig. 14 Additional internal force distribution of U- II segment under train vibration load. a Additional axial force (kN). b Additional bending

moment (KN m)

(@

N —t tunnel section
<N Longitudianl bolt

—t tunnel section
X Longitudianl bolt

(b)

Fig. 15 Additional internal force distribution of L- III segment under train vibration load. a Additional axial force (kN). b Additional bending

moment (KN m)

corner of Fig. 17), the contact pairs are separated, and the
opened segment joint is shown in Fig. 17. The contact pairs
are in bonding state at outside of the tunnel (the red elements
in the bottom right corner of Fig. 17), and the segment joint
is closed. The middle area is slipping (the green elements in
the bottom right corner of Fig. 17), and the contact pairs have
a tendency of separation and dislocation.

The segment linings experience the largest vibration in the
C stage of lower tunnel (Fig. 10). The points I and O in Fig. 17
are selected as the monitoring points on the inner and outer
edges of the interface. Figure 18 shows the time—history of
the opening and staggered deformation.

From Fig. 18, the initial opening at I-point is about
0.314 mm. The opening increases due to the vibration loads,
with the largest value reaching 0.321 mm. The net increase

in the opening is 0.007 mm and hence. The opening defor-
mation of the III-(3) joint is small before the train operation
reaches the III segment.

With the train operation, the ITII-3) joint opening increases
quickly when the first set of bogie of the train reaches the
IIT segment. The II-(3® joint opening reduces to the ini-
tial value gradually when the bogie is leaving until the next
set of bogie approaching. The joint opening effects exhibit
partial superposition which is caused by interaction of two
adjacent sets of bogies. The initial staggered value at point
O is 0.053 mm. The presence of joints leads to inconsis-
tent vibration responses at two adjacent segments, which
induces the staggered deformation. The deformation of joints
is associated with the train movement. In conclusion, the

@ Springer



5450

Arabian Journal for Science and Engineering (2018) 43:5439-5455

Fig. 16 Vertical displacement
and joint deformation diagram
of the lower tunnel (m/zoom 50
times)

Fig.17 Contact state of L-III-3
interface
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0.345

U-1I
Rotate 90°

Joint open (mm)

@) ) ® @ ® ©®
segment joint

(a)

Fig. 19 Maximum deformation amount of segment joints. a Joint opening amount. b Joint dislocation amount

train-induced vibration loads influence the opening and stag-
gered deformation of segment lining joint.

The maximum deformation of lining joints of U-II and
L-IIT is extracted and shown in Fig. 19. Figure 19a, b shows
the statistical columns of the maximum opening values and
the dislocation values of the overlapped tunnel, respectively.
The upper tunnel is rotated 90° counterclockwise to ease the
interpretation. In Fig. 19, red columns refer to the deforma-
tion of U-II, while blue columns refer to the deformation of
L-III.

It can be seen from Fig. 19 that the opening of U-II seg-
ment joints decreases gradually from the arch top to the arch
bottom, with symmetrical distribution. The largest opening at
the top of the arch is around 0.20 mm. However, the deforma-
tion of L-IIT segment joints varies greatly. The joint opening
at the top and bottom of the arch is the largest, with the
maximum opening value of 0.345 mm. The dislocation of
U-II segment in Fig. 9b increases gradually from the top of
the arch to the arch bottom, and the maximum dislocation is
0.081 mm. The dislocation at L-III is larger than that of U-II,
and the maximum dislocation occurs at the top of the arch,
i.e., the III-(© position.

The opening and dislocation deformations of L-III seg-
ment joints are relatively obvious, and the deformation varies
at different joint locations. This indicates that in addition to
the dynamic loads caused by the running trains, asymmetric
distribution of the segment joint would affect the deformation
of the segment. Hence, it is necessary to consider the segment
lining joint distribution when performing numerical analysis.

3.4 Stress of Joint Bolts and Steel Bars of Segment
Lining

The steel bar with the segment and the bolts at interface joint
are subjected to train-induced dynamic loads. The joint bolts

0.12

0.10

0'080.077

0.08

0.06

0.04

Joint dislocation (mm)

0.02

0.00
® @ ® @ ® ®

segment joint

(b)

are numbered according to their location (Fig. 20). The joint
positions were marked as B-II-O) ~ (©), B-III-) ~ ®,
which are shown in Fig. 20. For instance, B-1I-(D indicates
the connecting bolts at the first joint position of the second
circumference segment of the upper tunnel.

The stress distribution in the reinforcement of segment
can be expressed by Mises stress. Mises stress is a compre-
hensive index to judge whether a material enters plasticity
when the reinforcement is in a complex stress state. Through
its distribution, the material forming state can be judged. Fig-
ure 21 shows the Mises stress of the steel bars of overlapped
tunnel when the train is at 5.4 s. It can be seen from Fig. 21
that the stress distribution of steel bars of overlapped tunnels
U-II, L-III are basically the same. The steel bars have larger
stresses when the corresponding segment has larger defor-
mation. The maximum stress of L-III steel bars is 59.1 MPa,
which is larger than the maximum value of 34.7 MPa for U-
IT steel bars. The maximum stress value of 59.1 MPa does
not exceed the yield strength of steel bar, implying that the
built-in steel bars are in elastic stage and not damaged by the
dynamic loads.

Joint opening and staggered deformation can cause addi-
tional internal force of joint bolts. Figures 22 and 23 show
the principal stress and internal forces of bolts of U-II and
L-III segment, respectively.

The additional principal stress, the additional axial force,
and the additional shear force of the circumferential bolts
were extracted and analyzed, as shown in Figs. 22 and 23.
The additional axial force and the additional shear force of
the bolts in the figure refer to the average value of the internal
forces of the two bolts in each circumference interface.

Figure 22 shows the additional principal stress time—
history curve of the overlapped tunnel. The main stress of
the joint bolts in the lower tunnel is larger than that of the
upper tunnel bolts. This is due to the fact that the lower tun-
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Fig.20 Joint bolt locations in
upper and lower tunnels. a
Upper tunnel. b Lower tunnel
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Fig.21 Stress nephogram of segment lining bars. a U-II lining circumference steel bar. b L-1II lining circumference steel bar
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Fig.24 Floating slab track
system and the model

nel is directly affected by the train-induced dynamic loads.
The upper tunnel is subjected to vibration waves which are
reduced during their propagation in the rock mass to the upper
tunnel.

It can be seen from Fig. 23 that the internal forces of
joint bolts are associated with the joint deformation. The
additional axial forces and shear forces are larger when a joint
has larger opening and staggered deformation. The maximum
additional axial force and shear force of L-III segment joint
bolts are 5.24 and 3.42 kN, respectively, which are located in
the top of the arch.

3.5 Damping Effect of the Spring Floating Slab Track
System

The damping effects of the floating slab track system (FSTS)
on the vibration of the train were also studied herein. The
tunnel dynamic response analysis of the floating slab track

o @ ® ® 6 e

Circumferential bolt

(b)

Maximum value of additional internal force of typical bolts. a Additional axial force (kN). b Additional shear force (kN)

Spring Vibration
Isolator

Floating Slab

system was carried out. The floating slab track system is a
vibration damping structure which supports the track with
an elastic isolator on the invert of the tunnel, and makes the
track floating on the foundation structure, with a good damp-
ing effect. The floating slab track system was numerically
represented by the floating slab and spring vibration isolator.
The elastic modulus of floating slab is 35.0 GPa, and the den-
sity is 2500 kg/m. The stiffness of spring vibration isolator
is 6.0 Pa/m, and the damping is 10.0kN s/m. The layout of
the floating slab track system is shown in Fig. 24.

The dynamic responses of the vertical acceleration, veloc-
ity, and displacement of the midpoint of the L-III segment
in the lower tunnel under train-induced dynamic loads after
adopting the steel spring floating slab track were calculated.
Comparison between the vertical acceleration of midpoint of
the L-III segment before and after application of the FSTS
system is shown in Fig. 25a, the comparison of the displace-
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Fig.25 Dynamic responses of the vertical acceleration, velocity, and displacement of the midpoint of the L-III segment before and after application

of the FSTS system. a Acceleration. b Displacement. ¢ Velocity

ment is shown in Fig. 25b, and the comparison of the velocity
is shown in Fig. 25c.

It can be seen from Fig. 25 that the dynamic responses of
the midpoint of the L-IIT segment are greatly reduced after
the application of the FSTS system. The dynamic response
of the tunnel linings in terms of the vertical acceleration vs
time curves, velocity vs time curves, and displacement vs
time curves with the FSTS system is similar to the curves
without the FSTS system. But the maximum value of the
vertical acceleration, velocity, and the displacement at the
arch bottom of the lower tunnel is 0.65 times, 0.68 times, and
0.76 times of the tunnels without the FSTS system. By com-
paring the time history of acceleration and velocity, floating
slab track system can effectively reduce vibration. Therefore,
FSTS has become a widely used seismic mitigation measure
in practical engineering.
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4 Conclusion

The dynamic response of the overlapped section of the
Wuhan Metro Line 2 and Line 6 shield tunnels is numerically
studied herein. Joint interfaces between segment linings are
explicitly modeled in the numerical simulation, and mechan-
ical properties of steel bars and joints are properly accounted
for. The findings are shown as follows:

1. The dynamic response of the overlapped tunnels is
affected by the train-induced variation. The dynamic
response can be divided into five stages due to the loca-
tion of a train. The tunnel where a train is running has
larger vibration loads, whereas the overlapped adjacent
tunnel has less dynamic effects from the train. Two sets
of bogies will cause superposition of vibration loads.

2. The additional internal forces of segment linings under
the train-induced dynamic loads are affected by joint
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interfaces and joint bolts. Hence, there is a need to take
into account joint interface and bolts when analyzing the
dynamic responses of shield tunnels.

3. The opening and staggered deformation occurs at joints
of segment linings as the train is running through the
overlapped tunnels. Joints open inward at the top and
bottom of the arch, whereas joints open outward at the
waist of the arch. The joint deformation is associated with
the train locations.

4. The stress of steel bars under the vibration loads of sub-
way trains is smaller than the yield strength. The steel
bars are elastic and do not yield due to the train-induced
vibrations. The internal forces of joint bolts are associ-
ated with the joint deformation. The internal force of joint
bolts is larger, when the deformation of the joint where
bolts are installed is larger.

5. The floating slab track system can greatly reduce the ver-
tical acceleration and the displacement at the arch bottom
of the lower tunnel, due to the damping cushioning effect
of the floating slab track system. Under train-induced
dynamic loads, the vertical acceleration and the displace-
ment at the arch bottom of the lower tunnel were 0.65
times and 0.78 times of the tunnels without the FSTS
system.

In this study, only the case of train running in the lower
tunnel is considered, which aims to more clearly reveal the
influences of trains on adjacent tunnel. The further study will
focus on the dynamic response of tunnels caused by trains
simultaneously running in the upper and lower tunnels.
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