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Impact loads generated by derailed trains can be extremely high, especially in the case of heavy trains running at high speeds, which
usually cause significant safety issues to the rail infrastructures. In shield tunnels, such impact loads may not only cause the damage
and deformation of concrete segments, but also lead to the failure of segmental joint bolts. This paper presents a numerical study
on the failure behavior of segmental joint bolts in the shield tunnel under impact loading resulting from train derailments. A three-
dimensional (3D) numerical model of a shield tunnel based on the finite element (FE) modelling strategy was established, in which
the structural behavior of the segmental joint surfaces and the mechanical behavior of the segmental joint bolts were determined.
The numerical results show that the occurrence of bolt failure starts at the joints near the impacted segment and develops along the
travel direction of train. An extensive parametric study was subsequently performed and the influences of the bolt failure on the
dynamic response of the segment were investigated. In particular, the proposed FE model and the analytical results will be used for
optimizing the design method of the shield tunnel in preventing the failure of the joint bolts due to the impact load from a derailed
HST.

1. Introduction

Nowadays, the boom in the popularity of the high-speed
train (HST) industry has brought about great convenience
to public transportation; however, this has generated great
safety issues. The research results in [1, 2] showed that train
derailment is one of the most critical safety issues. In recent
years, a large number of train derailments were reported
around the world, some of which happened in shield tunnels.
In February 2011, a HST derailment took place in a railway
tunnel in Korea at speed of more than 300 km/h. More
recently, in September 2016, a HST derailment happened
in a railway tunnel in the UK. These accidents not only
caused casualties and property damage, but also posed a huge
threat to the structural safety of the railway tunnels. From
the structural point of view, a derailed HST may provide
significant impact load directly to the concrete segments
in the shield tunnel. This impact load may not only result
in damage to the concrete segments, but also cause the
failure of bolts between adjacent segments. As a result, bolt
failure, segment dislocations and deformations, and tunnel

lining instabilitymay occur, whichmay eventually destroy the
structural stability of the shield tunnel. Thus, the bolt failure
behavior plays an essential role in studying the structural
behavior and assessing the safety of the shield tunnels.

At present, high-speed railway systems are critical com-
ponents in the public transportation network, not only in
China but also all over the world. Over the past few decades,
there has been a growing interest in studying the HST impact
response and assessing the HST safety. A large amount of
experimental and numerical work [3–8] was carried out to
assess the crashworthiness performance and energy absorp-
tion behavior of rail vehicles. Research [9–14] was also carried
out on investigating the interaction between rail vehicles
and rail infrastructures, which are mainly focused on the
structural behavior of rail tracks and railway bridges. More
recently, Yan and his coresearchers [15] carried out numerical
and analytical studies on the dynamic behavior of a double-
lined shield tunnel subjected to HST impact loads. In [15],
time history curves of the HST impact load were provided
in terms of different train configurations, speeds, and impact
angles. Moreover, it was found that, instead of establishing
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a complex vehicle model, applying the impact load directly
to the tunnel structure was more computationally effective in
the numerical study on the dynamic response of the tunnel
structure under the HST impact load [15]. However, Yan et
al.’s workwasmainly focused on the influences ofHST impact
loads on tunnel segments without considering the failure
characteristics of joint bolts, which were used to connect
adjacent segments. Besides, it was found by the authors
that there was a research gap on the failure characteristics
(e.g., failure time, types, and sequence) of joint bolts and
their influence on the dynamic response of segmental lining
subjected to HST impact loads. As most of the previous
researchers focused on the safety and optimization design of
the rail vehicles or rail tracks, the structural performance of
the shield tunnels under HST train impact loads should be
assessed. Moreover, the research on the failure characteristics
of the joint bolts and their influences on the structural
behavior of the shield tunnels should take priority.

Major research efforts on the structural behavior of the
segmental joints had been devoted to the numerical work.
In [16–18], a reduction factor was approximately applied
to the flexural rigidity of tunnel lining structures to take
into account the effect of the segmental joints. This method
had the advantage of simple calculation; however, it failed
to reflect the complex structural behavior of the joints and
especially ignored the openings and dislocations of the joints.
Later, as an improvement, FE models using shell (or beam)
elements with joint springs were employed to achieve a
better understanding of the structural behavior of segmental
joint under different loading conditions [19–22]. In these
models, the segments were modelled using beam or shell
elements, while a set of springs were applied to simulate the
segmental joints. However, there was an intrinsic difficulty
in determining the equivalent spring rigidity through experi-
mental tests and in investigating the interactions between the
circumferential joint surfaces of two adjacent segments.With
the development of modelling techniques, researchers [23–
25] paid more attention to advanced three-dimensional (3D)
FE models, in which the joints were modelled using detailed
modelling techniques. Although full 3D models of bolts
and segments could provide accurate results, they require
very complex considerations for the contact relationships
between the numerous bolts and segments. This will lead to
lower computational efficiencies and result in convergence
problems during numerical analyses. In addition, the detailed
modelling techniques are still not able to directly provide full
expressions of the dynamic changes of internal forces of the
joint bolts.

It has been known that joint bolt is one of the most
important components in the segmental joint, and finite ele-
ment (FE) method is the one of the most popular numerical
modelling approaches employed in the research on shield
tunnels. Therefore, it is important to choose an appropriate
numerical model for the segmental joint to provide a better
understanding of the failure characteristics of the joint bolts
under the HST impact load. In this paper, a numerical inves-
tigation of the shield tunnel subjected to a specific impact
load due to the HST derailment is presented with the main
aims of (1) revealing the failure characteristics of the joint
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Figure 1: The cross section of the investigated tunnel lining.

bolts and (2) examining the influence of bolt failure on the
structural behavior of the shield tunnel. In the following, an
advanced 3DFEmodel was proposed to accurately reproduce
the procedure of HST impact load on the shield tunnel.
Particularly, the joint bolts are simulated by using connector
elements in ABAQUS [26], which not only characterized
the tension, shear, flexural stiffness, and the failure state
of the bolt, but also substantially saved the computational
resources. Subsequently, based on the proposed 3D model,
the bolt failure behavior is carefully examined and discussed.
Meanwhile, a comprehensive parametric study is performed
to investigate the influences of bolt failure on the dynamic
response of the segment in terms of the damage evolution
and displacement conditions. Finally, a comparative analysis
considering three different impact loading conditions is
performed to reveal the influence of different train running
speeds on the failure characteristics of the joint bolt.

2. Numerical Model

A numerical model of the shield tunnel is proposed here to
offer a clear understanding of the dynamic response of the
tunnel lining. In particular, the failure behavior of joint bolts
in the tunnel subjected to the impact loading from the HST
derailment was carefully examined. Numerical simulations
were performed using a general FE package, ABAQUS 6.10
[26], in which both thematerial and the geometric nonlinear-
ities were considered. Detailed descriptions of the FE model
are given as follows.

2.1. General Description. The numerical example considered
here is based on a typical shield tunnel that can be found in
high-speed railway systems in China. Figure 1 presents the
cross section of the analyzed tunnel. The outer and inner
diameters of the tunnel are 10.80m and 9.80m, respectively.
The segment thickness and width are 0.50m and 2.00m,
respectively. And the surrounding rock is considered as 80m
long, 40m wide, and 80m high. The material properties of
the lining and the surrounding rock are provided in Table 1,
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Table 1: Material parameters.

Material Density, 𝜌 (kg/m3) Young’s modulus, 𝐸 (GPa) Poisson’s ratio, 𝜐 Angle of friction, 𝜑 (∘) Cohesion, 𝑐 (MPa)
Siltstone 2460.0 19.50 0.205 38.0 3.75
Sandstone 2580.0 25.0 0.159 42.0 2.50
Segment lining 2400.0 34.5 0.200 — —

Table 2: Material properties for joint bolts.

Parameter Class Size (mm) Density (kg/m3) Young’s modulus (GPa) Poisson’s ratio Effective sectional area (mm2)
Value 8.8 36 7800 206 0.3 816

while the mechanical properties of the joint bolts are listed in
Table 2.

Eight-node 3D hexahedral elements with reduced inte-
gration (C3D8R) are used to discretize the wall rock and
the tunnel segments. A typical FE mesh employed in the
current study is shown in Figure 2. An elastoplastic consti-
tutive relationship based on the Mohr-Coulomb criterion is
employed to represent the soil material for surrounding rock
of the tunnel. Regarding the reinforced concrete material in
the segments, an elastoplastic constitutivemodel is employed,
while the stress-strain relationship is obtained from [27].
Besides, infinite element is used to simulate the absorbing
boundary in the infinite or semi-infinite domains. As the
presence of excessive joint interfaces and joint bolts could
eventually increase the computational cost, the influences of
bolt holes and rubber blankets between the joints are not
considered in this study. Besides, only the segmental ring
under theHST impact load and its two adjacent rings (in total
three rings) are simulated as assembled FE blocks connected
using the joint bolts.

The detailed description of the three lining rings is shown
in Figure 3, in which the driving direction of the HST and
the three segments (F1–F3) subjected to the HST impact load
are also provided. On the other hand, the segmental joints
in other segmental rings in the shield tunnel are simulated
based on simplification via reducing the elastic modulus of
the concrete joints based on the equivalent flexural rigidity
according to [28]. In order to clearly investigate the structural
behavior of the shield tunnel under the HST impact load,
monitoring points are applied in the proposed FEmodel.The
detailed arrangements of the monitoring points are shown in
Figure 4. In total, there are fifteenmonitoring points (number
1 to number 15) with a 0.5m distance between each other on
the intrados of the tunnel lining, in which point number 8 is
at the center of the three segments under the impact load in
the longitudinal direction.

2.2. Modelling Approaches for Segmental Joints. In the shield
tunnel, the lining system is mainly made up of concrete
segments and joint bolts. Due to the contribution of the bolt
connection, relative motions and constrained relationships
between two adjacent segments are usually found. Thus,
the connection (defined as the segmental joint) between
two adjacent segments usually shows complex mechanical
behavior and has relatively lower carrying capacity compared
with the concrete segment. From the structural point of view,

a segmental joint is mainly composed of two components,
which are the joint surfaces and the joint bolts, as shown in
Figure 5. In practical lining structure, the tensile resistance of
the segmental joint is determined by the joint bolt, while the
shear and flexural resistances are mainly determined by the
joint surface. However, when the tangent force on the joint
surface is larger than the friction on the concrete, the bolt
will carry part of the tangent force. In addition, the flexural
performance of the joint is determined by both of the joint
surface and the joint bolt, where the bolt mainly provides
contribution by changing the location of the neutral axis (see
Figure 5).

Based on the above discussions, 2-node connector ele-
ments were used to simulate the physical connections (joint
bolts) and constrained relationships in the segmental joints
in the proposed FE model. The employed connector element
consisted of two nodes, which were coupled with corre-
sponding segments, respectively. The position and motion
of the second node were measured relative to the first
node. The stiffness of the connector element was defined
based on the mechanical properties of the bolt. By using
the connector element, the corresponding force or moment
can be obtained when there are relative motions between
the two nodes of the connector element. According to the
intrinsic characteristics of the segmental joint, the “bushing”
connector type was assumed between the two nodes of
the connector element, where the relative translations and
rotations between the connecting points could be realized
in any direction. As illustrated in Figure 6, the “bushing”
type connector element had 12 nodal degrees of freedom,
which were used to define six relative motion components
(three translations, 𝑢1, 𝑢2, and 𝑢3, and three rotations, 𝑢𝑟1,
𝑢𝑟2, and 𝑢𝑟3, in local Cartesian directions). Accordingly, the
tensile force and shear force were obtained when the relative
translations between the two nodes of the connector element
were generated along the directions of segment opening and
dislocation, respectively. In addition, the moment can be
obtained when there were relative rotations between the two
nodes of connector element in rotation directions.

“Node-to-surface coupling” between the nodes at the
two ends of connector element and the corresponding joint
surfaces of segment were employed to transmit the resultant
force and moment between the bolt and the segment, as
shown in Figure 7. The proposed FE model for the joint
bolt was able to capture the major mechanical behavior of
the bolt in terms of tension, shear, and bending and realize
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Figure 2: Employed finite element model: (a) the wall rock in the stratum; (b) the investigated tunnel lining.
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the relative translation and rotation between the two bolt
ends in any direction. Regarding the interaction between the
adjacent segments, interface elements with “hard contact”
were employed to transmit the contact pressure between the
joint surfaces of the adjacent segments.Moreover, the penalty
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Figure 5: Mechanical behavior and theoretical model of the seg-
mental joint.

function method was used to take into account the tangent
contact behavior of the interface element and to reflect the
relative friction between the joint surfaces of the adjacent
segments with the friction coefficient 𝜇 = 0.6 [15].

2.3. Damage EvolutionModel for Joint Bolts. In order to better
investigate the failure characteristics of the joint bolt during
theHST impact loading process, it was necessary to choose an
appropriate damage evolution model for the bolt. In general,
the failure behavior of the bolt is usually divided into two
modes: (a) failure with progressive damage and (b) failure
with instant complete damage, as shown in Figure 8. When
the damage of the bolt is not considered, the force response
of the bolt shows linear elastic behavior (see the straight line,
𝑂 → 𝐴). When the failure of the bolt is considered as
progressive damage model, the force response is defined as
the broken line, 𝑂 → 𝐼 → 𝑀 (see Figure 8). When the
failure of the bolt is considered as instant complete damage,
the force response is defined as line 𝑂 → 𝐼 → 𝐷 (see
Figure 8). In the last failure mode (line 𝑂 → 𝐼 → 𝐷), the
displacement 𝑈𝐼 is not increased when the force response
reaches point 𝐼 (the initial damage point). In the meantime,
the scalar damage variable𝑑 changes from0 to 1 instantly, and
the force 𝐹𝐼 was reduced to 0, which indicated that the failure
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damage variable of the connector element.

of the bolt occurs instantly. Due to the instantaneousness
and ferocity of the HST impact load, the failure mode of
the joint bolt in this study is considered as instant complete
damage. Thus, no matter which force (e.g., tensile force and
shear force) in the bolt reaches its ultimate bearing capacity,

the bolt is regarded as failure instantly, and the failure bolt is
subsequently removed from the FE model.

In the current study, although the “bushing” type connec-
tor element for the bolt was able to capture the tensile, shear,
and flexural stiffness independently, the tensile and shear
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Figure 9: 3D FE model of a typical train configuration [15].

Table 3: Mechanical properties for joint bolts.

Parameter Value
Ultimate tension strength (MPa) 800.00
Ultimate shear strength (MPa) 586.40
Ultimate tension force (kN) 652.80
Ultimate shear force (kN) 478.50
Tension stiffness (EA) (MN) 168.10
Shear stiffness (GA) (MN) 64.65
Flexural stiffness (EI) (kN⋅m2) 16.98

failure of the bolt was only considered due to the minimal
effect of bending moment on the bolt failure. Besides, the
ultimate tensile and shear forces of the bolt were regarded
as the product of the ultimate tension and shear strengths
and the effective section area of the bolt, respectively. The
ultimate tensile strength, 𝜎𝑡, and the ultimate shear strength,
𝜏, of the bolt in the analyzed tunnel were 800MPa and
586.4MPa, respectively [29].Themechanics properties of the
bolt are listed in Table 3. In total, there were 108 joint bolts in
the tunnel lining. Accordingly, 108 “bushing” type connector
elements were employed in the proposed FE model for the
shield tunnel.

2.4. Loading Scheme for the HST Impact Load. As the train
model is not actually simulated in the proposed FE model,
the impact due to the HST derailment was simulated through
applying an oblique impact load on the intrados of the target
segment (segment F2). The impact load was obtained as
an approximate average surface force based on the impact
loading position and the action range based on Yan et al.’s
study in [15]. In Yan et al.’s study [15], a 3D FE model of a
HST against a rigid wall (see Figure 9) was established to
obtain the train-to-tunnel impact force. It should be noted
that the impact load was obtained by using Yan et al.’s train
model [15] with a running speed of 200 km/h, which is the
minimum running speed for high-speed railways in China.
As illustrated in Figure 9, the train model employed in the
study was composed of one locomotive and eight carriages.
The length, width, height, and coupler center line space
of the locomotive were 25.4m, 3.4m, 3.7m, and 25.7m,
respectively, while the length, width, height, and coupler
center line space of the carriages were 24.5m, 3.4m, 3.7m,
and 25m, respectively. For simplicity, small local chamfers
of the train body and small components which were not
affected by the impact load were not considered in the
train model [15]. Besides, thin-shell elements were used to
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Figure 10: Impact force of a train (with running speeds of 200 km/h,
250 km/h, and 300 km/h and with an impact angle of 12.5∘) [15].

simulate the outer shape of the train model, which is made
of aluminium alloy. Moreover, the approximate equivalent
stiffness andmass distribution of the train body were realized
by embedding foam-core material and glass-fiber reinforced
plastics inside the train body [15]. The material properties
for the train body are provided in Table 4 according to the
practical material properties used in the HST. Meanwhile,
nonlinear springs with stiffness of 2000 kN/m and damping
of 40 kN/m were adopted to simulate the coupler buffer
device between the carriages. In addition, the interaction
between the surface of the locomotive and the rigid wall
was assumed as plane-plane contact behavior, in which the
normal contact was assumed as “hard contact.” According
to Yan and his coworkers [15], the penalty function method
was employed to reflect the tangential contact with the static
friction coefficient, 0.1, and the dynamic friction coefficient is
defined as 0.05.

The impact load curves according to the same train con-
figuration with 8 carriages (as shown in Figure 9) at running
speeds of 200 km/h, 250 km/h, and 300 km/h with an oblique
impact loading angle of 12.5∘ are provided in Figure 10.
The target segment (F2) and its adjacent segments in the
longitudinal direction (F1 and F3) and in the circumferential
direction (L1-2 and L2-2) and other surrounding segments
(L1-1, L1-3, L2-1, and L2-3) are illustrated in Figure 11.
Dynamic analysis is subsequently performed based on the
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Table 4: Material properties for the train model [15].

Material type Elastic modulus (MPa) Poisson’s ratio Density (kg/m3) Yield strength (MPa)
Aluminium alloy outer profile 70000.0 0.30 2700.0 225.0
Foam core 105.0 0.25 27.0 /
Glass-fiber reinforced plastics 8400.0 0.40 1600.0 150.0
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Figure 11: Schematic diagram of the bolt failure position.

proposed FE model of the shield tunnel, and the numerical
results are provided in the following section. In particular, the
failure characteristics of the joint bolts are carefully discussed
in terms of the failure location and the failure sequence.

2.5. Dynamic Analysis Theory and Analysis Parameters. The
Hilber-Hughes-Taylor time-integration scheme (the HHT
scheme) [30] was used to solve the dynamic problem of
tunnel structure under the train impact. The HHT scheme
was deduced based on the basic Newmark time-integration
scheme and using the implicit algorithm, which was very
effective in solving the complicated nonlinear dynamics
problems.Thed’Alembert dynamics balance equation and the
vector equations of displacement and velocity are as follows:

[𝑀] {�̈�}𝑡+Δ𝑡 + (1 + 𝛼) {[𝐶] {�̇�} + [𝐾] {𝑢} − 𝑃}𝑡
− 𝛼 {[𝐶] {�̇�} + [𝐾] {𝑢} − 𝑃}𝑡+Δ𝑡 = 0,

{𝑢}𝑡+Δ𝑡 = {𝑢}𝑡 + Δ𝑡 {�̇�}𝑡
+ Δ𝑡2 [(12 − 𝛽) {�̈�}𝑡 + 𝛽 {�̈�}𝑡+Δ𝑡] ,

{�̇�}𝑡+Δ𝑡 = {�̇�}𝑡 + Δ𝑡 [(1 − 𝛾) {�̇�}𝑡 + 𝛾 {�̈�}𝑡+Δ𝑡] ,

(1)

where [𝑀] is the mass matrix, [𝐶] is the damping matrix,
[𝐾] is the stiffness matrix, [𝑃] is the train impact load,
[𝑢]𝑡, [�̇�]𝑡, and [�̈�]𝑡 are the displacement increment, velocity

increment, and acceleration increment, respectively, 𝛼 is the
weight factor, and𝛽 and 𝛾 are the adjustable parameters based
on the requirements of the integral precision and stability of
calculation.

The HHT method possesses advertised stability, and the
order properties provide 𝛼 ∈ (−1/3, 0), 𝛽 = (1 − 𝛼2)/4, and
𝛾 = 1/2 − 𝛼. Reducing 𝛼 value will lead to larger damping in
the numerical solution, while there will be no damping when
𝛼 = 0 [30].

The wall-clock time for the numerical simulation of the
proposed model with the train running speed of 200 km/h
was 31.50ms, which was determined by the duration time
of the impact load. As he implicit HHT scheme was highly
stable for any time step and the time step was dependent on
the highest frequency of the model structure, the increment
of the time step was automatically determined based on the
computational results of the previous step and the frequency
of the model structure. Thus, there was no limitation of the
stable time increment, and it was not necessary for the time
step length to be fixed.

3. Failure Characteristics of Joint Bolts

In the numerical analysis, the damage variables of eight bolts,
two longitudinal bolts (A andG) and six circumferential bolts
(B, C, D, E, F, andH), were observed reaching 1 (see Figure 12)
in all the 108 bolts considered in the proposed model (named
Model I). The above observations indicated that these bolts
exhibited failure under the HST impact load. Figure 11 shows
a clear distribution of the failure location of the joint bolts.
Obviously, the failure bolts are mainly distributed around the
target segment (F2), as shown in Figure 11.

The failure sequence of each bolt with accurate failure
time is summarized in Table 4, which shows that the failure
location has a significant influence on the failure sequence.
As shown in Table 4, the bolt failure in the tunnel lining
generally occurs in sequence along the travelling direction
of the HST. Based on the failure sequence, the eight bolts
are divided into two groups, A and B, with five and three
bolts, respectively. The five bolts in Group A are all directly
connected with the target segment (F2), and the failure of
these bolts happens between 4.02ms (bolt A) and 6.14ms
(bolt C). On the other hand, in Group B, the three bolts are all
connected with segment F3, and the failure happens between
15.45ms (bolt G) and 17.31ms (bolt H). It is clearly shown in
Table 5 that failure firstly happens at bolt A, and the failure
of the last three bolts (Group B) happens almost 9.0ms later
than the first five bolts in Group A.

The tensile and shear force time history curves of the eight
failure bolts are illustrated in Figures 13 and 14, respectively.



8 Shock and Vibration

A
B
C
D

E
F
G
H

0 5 10 15 20 25 30 35

Time (ms)

0.0

0.2

0.4

0.6

0.8

1.0

Th
e s

ca
la

r d
am

ag
e v

ar
ia

bl
e

Figure 12: The scalar damage variable versus time curves for eight
failure bolts.

Table 5: Failure time and sequence of joints bolts.

Failure sequence Joint bolt number Failure time (ms)
1 A 4.02
2 F 4.68
3 B 4.85
4 E 6.01
5 C 6.14
6 G 15.45
7 D 17.09
8 H 17.31

As shown in Figure 13, the tensile forces of bolts A, B, and
F increase rapidly from 0ms and drop to zero immediately
after reaching each maximum value at each failure time
(see Table 4), but the maximum tensile force of bolt A is
significantly larger than that of bolts B and F. The tensile
forces of bolts E and H increase instantly to the maximum
values after 0ms and decrease gradually to about 47 kN,
respectively, until failure happens, where a sudden drop of
the tensile force occurs in both of the bolts. The tensile forces
of bolts C, D, and G keep equal to zero, which indicates
that these bolts are always under compression during the
whole impact loading process. In Figure 14, the shear force
of bolt A inclines gradually to its maximum value (about
65 kN) and decreases to about 40 kNuntil reaching the failure
time (4.02ms), where a sudden drop to zero is observed.
The shear forces of bolts B, C, D, E, F, and H increase in
a fluctuant manner from zero to the maximum values (all
equal to 478.5 kN) and drop suddenly to zero at each failure
time (see Table 4). The shear force of bolt G is equal to zero
until 11ms and then starts to increase rapidly to themaximum
value (478.5 kN), where a sudden drop is also observed after
reaching the failure time. Obviously, sudden drops to zero are

observed in all the eight bolts in terms of tensile or shear force.
This indicates that instant bolt failure happens in all the eight
bolts, and the bolt can no longer bear any more load once the
bolt failure happens. Particularly, the shear force time history
curves of bolts B and F are observed to be very similar, which
is possible due to the symmetric feature of the two bolts with
respect to the impact loading center. Similar shear force time
history curves are also found in the failure behavior of bolts
C and D and bolts D and H.

In Table 6, the maximum tensile and shear forces of
the failure bolt and the failure time of each bolt in the
impact process are summarized. The maximum tensile force
(652.8 kN) was observed in bolt A, while the maximum shear
force (478.5 kN) was observed in bolts B–H. Meanwhile, the
failure type for each bolt was obtained as instant complete
damage based on the observed failure behavior. It was found
that the number of bolts that failed due to shear failure was
far more than those that failed due to tensile failure.

In order to investigate the influence of bolt failure on
the mechanical behavior of the joint bolt, another FE model
(named Model II) of the shield tunnel without considering
the bolt failure was established for comparisons. The tensile
and shear force time history curves of eight bolts A–H (in the
same positions ofModel I) obtained fromModel II are shown
in Figures 15 and 16, respectively. As shown in Figure 15, the
tensile force of bolt A increases to about 3400 kN at 19.22ms
and decreases to about 2700 kN at the end of the impact
loading process. The tensile forces of bolts E, F, and H are
observed to be increasing with fluctuation during the whole
impact loading process, while the tensile forces of bolts B, C,
D, and G almost keep equal to zero. In Figure 16, the shear
forces of bolts A–H are observed to be increasing gradually
to the maximum values and then to be decreasing stably
(without reaching zero) until the end of the impact loading
process. In particular, the time history curves of tensile and
shear forces of all the eight bolts are completely consistent
with those obtained in Model I between 0ms and 4.02ms,
while, after 4.02ms, the curves are totally different between
the two models. Table 7 shows the maximum tensile and
shear forces for each failure bolt and the respective time in
the impact process. As shown in the table, the maximum
tensile force (3422.7 kN) is found in bolt A inModel II, which
is 5.24 times larger than the ultimate tensile force of bolt
(652.8 kN) found in bolt A in Model I. The maximum shear
force (1624.4 kN) is found in bolt E in Model II, which is 3.39
times larger than the ultimate shear force of bolt (478.5 kN)
found in bolts B–H in Model I. The maximum tensile and
shear forces observed inModel II are substantially larger than
the respective ultimate bearing capacities of the joint bolt,
which is not realistic. This indicates that the bolt failure has
a significant influence on the ultimate bearing capacity and
the mechanical behavior of the segmental joints. From the
practical point of view, there is no doubt that the bolt failure
indeed happens under the HST impact load, which means
that the bolt failure cannot be ignored in the FE model of the
shield tunnel.
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Figure 13: The tensile force time history curves for (a) bolts A, B, C, and D and (b) bolts E, F, G, and H in Model I.
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Figure 14: The shear force time history curves for (a) bolts A, B, C, and D and (b) bolts E, F, G, and H in Model I.

4. Influence of Bolt Failure on the Dynamic
Responses of Tunnel Segments

The influence of bolt failure on the dynamic responses of
tunnel segments was examined in terms of the segment
damage behavior and segment displacement conditions as
follows.

4.1. Segment Damage Behavior. In [31], the damage behavior
of the concrete tunnel lining was defined as the isotropic
elastic damage together with the isotropic tensile and com-
pressive plastic theory.

It is shown in the theory that when the concrete lining is
under tension,

𝑑𝑡 = 1 − 1.2 − 0.2𝑥5
1.2 , 𝑥 ≤ 1,

𝑑𝑡 = 1 − 1
1.2 [𝛼𝑡 (𝑥 − 1)1.7 + 𝑥]

, 𝑥 > 1,
(2)

where 𝑑𝑡 is the tension damage factor; 𝑥 = 𝜀𝑡/𝜀𝑓𝑡, in which
𝜀𝑓𝑡 = 65𝑓0.54𝑡 × 10−6 is the peak tension strain corresponding
to the peak tension stress; 𝛼𝑡 = 0.312𝑓2𝑡 ; and 𝑓𝑡 is the peak
tension stress.
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Table 6: Maximum tensile and shear force and the failure type of joint bolts in Model I.

Joint bolt number A B C D E F G H
Maximum tensile force (kN) 652.8 97.6 0.0 0.0 50.5 202.7 0.0 57.6
Time of maximum tensile force (ms) 4.02 4.85 / / 0.52 4.68 / 0.72
Maximum shear force (kN) 65.51 478.5 478.5 478.5 478.5 478.5 478.5 478.5
Time of maximum shear force (ms) 2.60 4.85 6.14 17.09 6.01 4.68 15.45 17.31
Failure type Tensile Shear Shear Shear Shear Shear Shear Shear
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Figure 15: The tensile force time history curves for (a) bolts A, B, C, and D and (b) bolts E, F, G, and H in Model II.
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Figure 16: The tensile force time history curves for (a) bolts A, B, C, and D and (b) bolts E, F, G, and H in Model II.
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Table 7: Maximum tensile and shear forces and the failure type of joint bolts in Model II.

Joint bolt number A B C D E F G H
Maximum tensile force (kN) 3422.7 105.8 0.0 0.0 175.8 222.8 0.0 57.6
Time of maximum tensile force (ms) 19.22 5.14 / / 21.33 5.30 / 0.72
Maximum shear force (kN) 1438.2 1468.4 1541.8 536.3 1624.4 1512.1 627.3 464.3
Time of maximum shear force (ms) 20.81 8.63 21.87 23.09 21.97 8.24 22.08 22.89

When the concrete is under compression,

𝑑𝑐 = 1 − 1
𝛼𝑎 [𝛼𝑎 + (3 − 2𝛼𝑎) 𝑥 + (𝛼𝑎 − 2) 𝑥

2] 𝑥 ≤ 1,

𝑑𝑐 = 1 − 1
𝛼𝑎 [𝛼𝑑 (𝑥 − 1)2 + 𝑥]

𝑥 > 1,
(3)

where 𝑑𝑐 is the compression damage factor; 𝑥 = 𝜀𝑐/𝜀𝑓𝑐, in
which 𝜀𝑓𝑐 = (700 + 172√𝑓𝑐) × 10−6 is the peak compressive
strain corresponding to the peak compressive stress; 𝛼𝑎 =
2.4 − 0.0125𝑓𝑐; 𝛼𝑑 = 0.157𝑓0.785𝑐 − 0.905; and 𝑓𝑐 is the peak
compressive stress.

The ultimate strength, elastic modulus, and Poisson’s
ratio for the concrete material of the tunnel lining are C50,
34.5 GPa, and 0.2, respectively. The relationships between
stress and nonplastic strain, the damage factor, and the
inelastic strain of the concrete in plastic stage are obtained
in [15].

As the segments were always under compression under
the HST impact load, the investigation of the structural
behavior of the shield tunnel was mainly focused on the
compressive damage of the intrados of the segment lining.
Figure 17 shows the compressive damage contours on the
intrados of the tunnel lining obtained in both Models I and
II. It can be found in the figure that the compressive damage
is mainly distributed on the target segment (F2) and its
adjacent segments. The compressive damage was observed
to be not very significant in other segments. Obviously, as
shown in Figure 17, the compressive damage distribution in
the longitudinal direction is significantly larger than that in
the circumferential direction. Under the impact load from a
derailed train running at a speed of 200 km/h, the maximum
compressive damage factor observed in the segments was
0.9869 in Model I, while the factor was 0.9776 in Model II.
Although the difference between the two damage factors was
not that large, there was a significant difference in the damage
distribution on the intrados of the tunnel lining between the
two cases. In Model I, the damage area on the intrados of the
lining was 7.98m2, while the damage area in Model II was
10.36m2, which increased by approximately 30% compared
with Model I.

Moreover, the damage evolution of the shield tunnel
under the HST impact load was also examined via checking
the compressive damage variable of each monitoring point
(see Figure 4) in both Models I and II. The compressive
damage variable values for all the fifteenmonitoring points in
Models I and II (with and without considering the influence

of bolt failure) are shown in Figure 18. In Model I, it is found
that the compressive damage variable increases slowly from
point number 1 to point number 5 and then significantly
increases to around 0.9 at point number 6. After that, the
compressive damage variable keeps at a maximum value
around 0.9 until point number 11 and then subsequently
drops to around 0.1 and 0 at point number 13 and point
number 15, respectively. In Model II, the variation of the
compressive damage variable is almost the same as the vari-
ation in Model I, and the compressive damage variable also
reaches the maximum value of around 0.9 at point number
6. However, compared to Model I, there is no significant
increase between point number 5 and point number 6 in
Model II. This shows that the influence of bolt failure on the
compressive damage behavior of the tunnel lining near the
impact center (between points number 6 to number 11) is not
significant. On the contrary, the influence of bolt failure on
the tunnel linings with little compressive damage occurring
is relatively larger (i.e., the region between points number 1
to number 5 and number 12 to number 13).

4.2. Segment Displacement. Thedisplacement contours of the
tunnel segments in both Model I and Model II are shown
in Figure 19. As shown in the figure, the final displacement
of the tunnel segment is mainly observed on the intrados
of the target segment (F2) and its adjacent segments. It also
shows that the displacement distribution area along the longi-
tudinal direction is larger than that along the circumferential
direction. The maximum final displacement of the segment
in Model I is 6.206 cm, while that displacement in Model II
is 4.135 cm with a reduction of about 33.3%. This is possibly
due to the fact that the constraints of the joint bolts to the
segment displacement disappear after the bolt failure happens
inModel I, while those constraints do not disappear inModel
II as the bolt failure is not considered there.

The final displacement values of the tunnel segments for
all the monitoring points in bothModes I and II are shown in
Figure 20. In both of the models, the segment displacement
starts to increase from point number 1, reaches themaximum
value near the impact loading center (at point number 8), and
then decreases to 0 at point number 15.This indicates that the
farther away from the impact loading center the segment is,
the smaller the segment displacement observed is. Besides, it
is found that the segment displacement values of monitoring
points numbers 6–15 in Model I were generally larger than
the displacement values in Model II. On the contrary,
the displacement values of monitoring points numbers 1–5
behind the impact center (along the travelling direction of
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Figure 17: Compressive damage contours of the lining intrados in (a) Model I and (b) Model II.
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Figure 18: Compressive damage variable at each monitoring point.

the train) in Model I were smaller than the displacement
values in Model II. This is possibly due to the fact that the
impact loading applied on segment F2 is not able to effectively
transmit from the bolts to segment F1 after the bolt failure
happens.

5. Influence of Train Speed on the Bolt Failure

In order to investigate the influence of the train speed on the
failure characteristics of the joint bolts, three different impact
loads obtained from different running speeds, 200 km/h,
250 km/h, and 300 km/h, are applied on the intrados of the
target segment F2, respectively. It was observed that the wall-
clock times for the numerical simulation of the proposed FE
model with the train running speeds of 200 km/h, 250 km/h,

and 300 km/h were 31.50ms, 33.75ms, and 34.50ms, respec-
tively. As the impact load was applied on the target segment
F2 directly, the failure characteristics of bolts A, B, C, E, F,
and G connected to the segment F2 were carefully studied.
The time history curves of the tensile and shear forces of the
six bolts at train running speeds of 200 km/h, 250 km/h, and
300 km/h are illustrated in Figures 21 and 22, respectively.

The time history curves of the six bolts with 250 km/h
and 300 km/h train speed show a similar trend to the time
history curves of the six bolts with 200 km/h train speed
(mentioned in Section 3). Under the three different impact
loading conditions (which represents three different train
running speeds), failure was observed in all the six bolts. The
failure type, failure time, and failure sequence of the six bolts
obtained from three different train running speeds are listed
in Table 8. It is found that the failure type of the bolt on the
same position is consistent even with different train running
speeds. Besides, it is observed that tensile failure occurs in
bolt A, while shear failure occurs in bolts B, C, E, F, and G,
regardless of the impact loading conditions. This indicates
that changing the running speed of the train has no influence
on the failure type and the trend of the tension and shear
forces time history curves.

On the contrary, it is observed that changing the train
running speeds can result in different failure time for the
six bolts. As shown in Table 8, the six bolts are generally
divided into two groups according to the failure time. In the
first group (bolts A, B, C, E, and F), the bolt failure time is
within the range of 3.28ms–6.14ms, while the failure time of
the second group (bolt G) is within the range of 11.75ms–
15.45ms, which is almost 9.0ms later than the first group.
Besides, it is observed that the failure time of the bolt on
the same position is not consistent. The bolt failure time is
reduced by increasing the train running speed. The average
failure times of the six bolts according to three different train
speeds (200 km/h, 250 km/h, and 300 km/h) are 6.86ms,
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Table 8: Bolt failure behavior under different train running speeds.

Joint bolt number Failure type Failure time Failure sequence
200 km/h 250 km/h 300 km/h 200 km/h 250 km/h 300 km/h 200 km/h 250 km/h 300 km/h

A Tensile Tensile Tensile 4.02 3.65 3.28 1 1 1
B Shear Shear Shear 4.85 4.59 4.04 3 3 3
C Shear Shear Shear 6.14 5.56 4.79 5 5 5
F Shear Shear Shear 4.68 4.40 3.89 2 2 2
E Shear Shear Shear 6.01 5.46 4.69 4 4 4
G Shear Shear Shear 15.45 13.52 11.75 6 6 6
Average failure time 6.86 6.20 5.41
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Figure 19: Displacement contours on the lining intrados in (a) Model I and (b) Model II.
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Figure 20: Displacement at each monitoring point.

6.20ms, and 5.41ms, respectively. Compared with the case of
200 km/h, the average failure times in the cases of 250 km/h
and 300 km/h are 0.66ms and 1.45ms shorter, respectively.

This indicates that bolt failure occurs easier and faster with
the increase of the train running speed. Regarding the failure
sequence of the six bolts, they are completely consistent under
different impact loading conditions, which indicates that the
training running speed has a little influence on the bolt failure
sequence.

6. Discussions and Conclusions

In this paper, a numerical investigation of the failure charac-
teristics of the joint bolt and its influences on the dynamic
behavior of the shield tunnel was performed. In this study,
an appropriate 3D FE model for a typical shield tunnel
considering the bolt failure was proposed. In particular, the
“bushing” connector elements were employed to capture the
complex characteristics of the joint bolts, while the interface
elements were employed to capture the mechanical behavior
of the joint surfaces. An impact loading obtained from a
HST derailed at a speed of 200 km/h with an oblique impact
loading angle of 12.5∘ provided in [15] was applied on a
target segment (F2) in the shield tunnel. The proposed FE
model allowed for a realistic response prediction of the shield
tunnel under train impacts. The failure characteristics of the
joint bolts and the development of segment damage were
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Figure 21: The tensile force time history curves for bolts A, B, C, E, F, and G.
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Figure 22: The Shear force time history curves for bolts A, B, C, E, F, and G.
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discussed based on the numerical results. In total, 108 bolts
were considered in the proposed FE model (Model I), while
eight bolts exhibited failure under the HST impact load. A
parametric study was conducted based on the proposed FE
model without taking into account the bolt failure behavior
(Model II). According to the numerical results, the influence
of bolt failure on the dynamic behavior of the shield tunnel in
terms of the damage behavior and the damage displacement
condition of the tunnel segment was examined. Besides,
in order to reveal the influence of train impact speed on
force conditions and failure characteristics of bolt, three
impact loading conditions obtained from three different train
running speeds (200 km/h, 250 km/h, and 300 km/h) were
applied on the intrados of segment lining. The conclusions
are listed as follows:

(1) Under the HST impact, the bolt failure was firstly
observed around the target segment (F2) and then
happened around its adjacent segment (F3). It was
found that the bolt failure generally occurred in
sequence along the travel direction of the train.

(2) Generally, there were two failure types of the joint
bolts, the tensile failure and the shear failure. Accord-
ing to the travel direction of the train, the bolts
connected with the target segment in the backward
direction along the longitudinal direction usually
exhibit failure due to tension. The bolts connected to
the target segment in the forward direction along the
longitudinal direction and the circumferential bolts
connected to the target segment usually exhibit failure
due to shear.

(3) Without considering the bolt failure, the maximum
tensile and shear forces of the bolts were greatly larger
than the respective ultimate bearing capacities, up to
3–6 times.This led to a significant difference between
the numerical results and the practical values. This
shows that only taking into account the bolt failure in
the FE model is able to allow for a realistic prediction
of the shield tunnel under the HST impact load.

(4) During the analysis, the compressive damage was
mainly observed on the target segment and its adja-
cent segments. The influence of compressive damage
was relatively small on other segments. The com-
pressive damage distribution area in longitudinal
directionwas greatly larger than that in the circumfer-
ential direction. Besides, the maximum compressive
damage variables in both models (with and without
considering the bolt failure) were almost identical.
However, the damage area in the model without
considering the bolt failure was almost 30.0% larger
than the area in themodel considering the bolt failure.

(5) Generally, with respect to the travel direction of the
train, the displacement of the target segment and
the segment in front of it in the model considering
the bolt failure was larger than the displacement
in the model without considering the bolt failure.
However, the displacement of the segment behind
the target segment behaved in the opposite way. This

was possibly due to the fact that the displacement
constraints on the segments were released, and the
force transmissions from the bolts to the segments
were removed after the bolt failure happened under
the HST impact.

(6) After applying three different impact loads on the
target segment F2 (which represents three different
train speeds, 200 km/h, 250 km/h, and 300 km/h),
the bolts were generally divided into two groups
according to the failure time interval.The failure time
interval of the second group (bolt G) was 9.0ms later
than the failure time interval of the first group (bolts
A–F). The influences of the train speed on the failure
types, failure sequence, and trend of tensile and shear
forces time history curves of the bolts are very little.
However, the bolt failure time is reduced with the
increase of the train speed. In other words, increasing
the train speed will lead to the occurrence of the bolt
failure much easier and faster.

Based on the numerical results of the proposed FE model, an
optimization design method for preventing the shield tunnel
from the hazard induced by the impact load from a derailed
train was proposed according to the failure characteristics
(e.g., failure time, types, and sequence) of the joint bolts
observed in this study. Firstly, the bearing capacities of the
joint bolts in the possible failure segments are suggested to
be enhanced via improving the steel class or strengthening by
other engineering materials. Secondly, the tunnel segments
are suggested to be partially strengthened by optimizing the
arrangement of buffer structures in possible damage position
(e.g., at the same height of the HST in the longitudinal
direction of the shield tunnel). In general, it is envisaged
that further work on the safety assessment and the design
optimization should be carried out in the future.
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