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Abstract: In this study, a refined three-dimensional stratigraphic-structural model is established
based on ABAQUS finite element software, and the basis for determining pneumatic and vibration
loads is explained in detail. From this, the force characteristics of the segment and bolts with and
without a cavity behind the lining under the action of multi-field coupling were analyzed, and the
force law and corresponding safety of the segment structure and high-strength bolts were determined.
The results show that the peak value of the maximum principal stress on the segment structure caused
by the surrounding rock pressure was 92.7 times greater than the variation in the peak value of the
maximum principal stress caused by additional loads (pneumatic and vibration loads). Despite this,
the safety factor of the segment structure satisfied the code requirements. Compared to the situation
with no cavity behind the lining, when the cavity behind the lining was small the stresses of the
segment structure were large and concentrated, which increased the possibility of crack development
in the segment structure. The nodal stresses and strains on the straight and bending bolts exhibited
an approximately “W”-shaped distribution with a cavity behind the lining. In addition to the effect
of the preload near the nut, the stress and strain at the central measurement point of the bolt rod
at the joint face were larger owing to the coupling effect of multiple fields. The high-strength bolt
remained in an elastic state and did not yield with damage.

Keywords: aerodynamic load; vibration load; segment structure; high-strength bolt; force
characteristics; structural safety

1. Introduction

With increasing speed, a train generates a large vibration load and transient shock
wave when it enters a tunnel; thus, the segment structures and seam bolts must bear the
resulting frequent alternating vibration load and transient high shock wave. Because the
lining structure and surrounding rock in the tunnel interact as a whole, the surrounding
rock is the main source of the load and the main component of the bearing system. When
the cavity behind the lining destroys the restraint between the surrounding rock and
the lining structure, it can lead to local stress concentration of the lining structure, easily
cracking it. According to Song and Zhang, the cavity behind the tunnel lining accounts
for up to 11.56% of tunnel defects, and is an important cause of structural cracking [1].
If a cavity appears behind a tunnel segment structure, the safety of the shield segment
structures and bolts is affected.

Few researchers have studied the safety of lining structures based on pneumatic
loads. On 27 June 1999, an accident occurred in a tunnel in Fukuoka Prefecture on the

Buildings 2023, 13, 2108. https://doi.org/10.3390/buildings13082108

https://www.mdpi.com/journal /buildings


https://doi.org/10.3390/buildings13082108
https://doi.org/10.3390/buildings13082108
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/buildings
https://www.mdpi.com
https://doi.org/10.3390/buildings13082108
https://www.mdpi.com/journal/buildings
https://www.mdpi.com/article/10.3390/buildings13082108?type=check_update&version=1

Buildings 2023, 13, 2108

2 0f23

Sanyo Shinkansen Line in Japan, in which concrete weighing approximately 200 kg on
the side wall hit a train traveling at high speed. According to the investigation by the
Japan Railway Institute of General Technology, the primary cause [2] was poor bonding
of the old and new concrete due to the tight construction schedule and the alkali-silica
reaction of the concrete; the secondary cause [3] was the effect of long-term pneumatic
pressure waves on the secondary lining. Liu et al. [4] analyzed the axial force and bending
moment of a molded lining caused by surrounding rock pressure and pneumatic pressure
based on a two-dimensional load-structure model, concluding that the pneumatic load
had less influence on the safety of the lining without considering lining cracks and defects.
Other researchers have studied the effects of train vibration loads on tunnel structures.
Peng et al. [5] conducted repeated vibration tests based on dynamic load fatigue model
tests of a tunnel substructure and compared and analyzed the vertical compressive stresses
and bending stresses in different operating conditions. To study the dynamic response
characteristics of the shield tunnel structure and the surrounding soil with the vibration
load of the train, Yang et al. [6] used a model test method and concluded that the internal
force of the shield tunnel segment structure was mainly concentrated near the supine arch
where the vibration load was applied. Ding et al. [7] derived the dynamic response of a
tunnel structure to train vibration in different operating conditions based on a stratigraphic—
structural model of the surrounding rock and tunnel; the dynamic response of the structure
with damage was significantly aggravated when the foundation bottom surface had a
cavity. Xu et al. [8] established a finite element model of a circular tunnel and strata to
study the damage and dynamic response of a lining structure subjected to long-term train
vibration, concluding that the lining damage was located mainly in the supine arch structure.
MAM et al. [9] evaluated the cyclic stress—strain and shear strength of untreated and treated
marine clay under the effects of wind, earthquake, and traffic loadings. However, the wind
load studied at this time is not dynamic. Professor Chengping Zhang’s team at Beijing
Jiaotong University has conducted considerable research on the cavity behind the lining.
Zhang et al. [10,11] analyzed the cracking pattern of a tunnel lining structure based on the
presence of double voids (different sizes and extent) behind the lining under external loads.
Based on model tests, Min et al. [12,13] analyzed the fracture rules of lining structures in
asymmetric multi-arch tunnels with cavities in the wall and vault under external loads. For
the study of shield tunnel segment joints, Jusoh et al. [14] discussed the mechanics response
of segmental tunnel lining affected by the segment’s joint and presented a short review of
recent research works on joint effects in segment joints in the tunnel lining. However, the
effect of train aerodynamic and vibration loads on the lining structure was not considered.

The current structural design of Chinese high-speed railroad tunnels does not consider
the impact of pneumatic and vibration loads generated by trains on the segment structure
and high-strength bolts, either with or without a cavity behind the tunnel lining. Thus, a
systematic in-depth study must be conducted in order to provide a theoretical basis for safe
operation of high-speed railroads in China.

The remainder of this paper is organized as follows. Section 2 introduces the material
properties, boundary conditions, interactions, determination of aerodynamic and vibration
loads, validation method of the 3D finite element calculation model, and details of the
calculation process and analysis conditions. Section 3 presents a comprehensive analysis of
the dynamic response of the segment structure and bolts with and without a cavity behind
the lining, along with the coupling of multiple fields (pneumatic load, vibration load, and
surrounding rock pressure) based on the stratigraphic—structural model. In addition, a
safety study of the segment structure and high-strength bolts is conducted according to the
pertinent codes.

2. Three-Dimensional Finite Element Model and Load Parameter Determination
2.1. Computational Model

The typical dimensions of shield tunnels in China were selected for this study. Figure 1
shows a cross-sectional schematic of a shield tunnel segment structure. The inner and
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outer radii of the tunnel are 6.87 m and 7.42 m, respectively; the thickness and width of
each ring pipe piece are 0.55 m and 2.0 m, respectively; and the segments are connected by
staggered seams. Each segment lining ring consists of eight standard blocks A1-A8 (36°),
two neighboring blocks B1-B2 (28.5°), and one capping block k1 (15°). The longitudinal
and circumferential joints of the segment lining ring were assembled using 30 mm diameter
8.8 grade high-strength bending bolts and straight bolts, respectively. A preload force of
280 kN was applied to the friction-type bolts; the preload force values were selected from
the Code for Structural Steel Design [15] and applied through the load module in the 2020
ABAQUS software.

Straight bolts at
circumferential join;

Segment thickness
0.55m

Curved balts at o 6, (o 36-\‘n "
longitudinal join; | ﬁ
A5 Ad X

Figure 1. Diagram of cross-section of shield tunnel segment structure.

Figure 2 shows a 3D finite element model of the shield tunnel, including the segment
lining rings and joint bolts, three-segment rings with bending bolt connections for the
annular pieces, and straight bolt connections for the longitudinal pieces (the direction
of train travel). The holes in the high-strength bolts were considered in order to better
represent the actual conditions. In the numerical calculations, surface-to-surface contact
was used between the segments, between the bolts and the segment, and between the
lining rings of the adjacent segments before and after. Hard contact was used in the normal
direction and Mohr-Coulomb friction contact was used in the tangential direction; the
friction coefficient was taken as 0.6 [16]. Surface-to-surface contact was set up between the
lined segment and surrounding rock; the normal direction used a penalty stiffness [17] and
the tangential direction used Mohr—Coulomb friction contact with a friction coefficient of
0.8. The segment and elevated arch were considered to be in coordinated deformation, and
a tie contact was used.

Segment bolt holes Joint bolts

Direction of high-speed trains

Figure 2. Three-dimensional finite element model of shield tunnel segment structure.
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As the model underwent dynamic analysis, the infinite range of the surrounding
rock was a key problem in analyzing dynamic interaction. If the selected model range
is too large, a significant amount of time is wasted in numerical calculation and storage,
and the model may be impossible to complete. At this time, part of the surrounding rock
was used for finite domain analysis; thus, it was necessary to set viscoelastic artificial
boundary conditions. Liu et al. [18] proposed the concept of artificial boundary conditions
and derived an equation for equivalent and consistent viscoelastic boundary conditions
that was then verified. The main equations for the equivalent shear model and equivalent
elastic model of boundary cells are shown in (1):

E; = hKBT = IXTI’Z%
E o 04n)(-2v), 0
(1-v)

Na-2v M)
BN = “Nh%‘(1+(vl)£1;)zv)

where E, G, and v are the equivalent elastic model, shear model, and Poisson’s ratio of
the equivalent viscoelastic boundary condition unit, respectively, v = (0 —2)/2(a—1),
« = an /T, h is the thickness of the equivalent unit, Kgr and Kpy are the tangential and
normal spring stiffnesses, respectively, ar and « are the tangential and normal viscoelastic
artificial boundary parameters, respectively, with a generally taking values in the range
of 0.35-0.65 and ap generally taking values in the range of 0.8-1.2, G is the medium shear
modulus, and R is the distance from the wave source to the artificial boundary point.
Considering the vibration effect of the train, corresponding damping options should
be set when analyzing the dynamic response of the soil and lining structure. The numerical
simulation in this study uses Rayleigh damping; two key parameters, the damping ratio
and minimum center frequency, must be determined, as shown in Equation (2).
{ & = GminWmin @)

:B = Cmin/ Wmin

where Cnin is the critical damping ratio, wpn is the minimum central frequency, and
« and B are constants associated with mass and stiffness, respectively. The formula is
[C] = a[M] + BIK], where [C], [M], and [K] are the damping matrix, mass matrix, and
stiffness matrix, respectively.

According to the monograph by Chen and Xu [19], the critical damping ratio of
geotechnical materials generally ranges from 2-5% and the critical damping ratio of struc-
tural systems ranges from 2-10%. In this study, the critical damping ratio of the surrounding
rock in the numerical calculation was 3% and the damping ratio of the tunnel structure
was 5%.

A three-dimensional stratigraphic—structural model was established using ABAQUS
software, with a distance of 30 m from the tunnel vault to the ground surface. To reduce
the boundary effect, the distance from the constrained boundary to the tunnel center is
generally 3-5 times the tunnel span; in this study, the distance from the center of the tunnel
to the constrained boundary was four times the tunnel span and the distance from the
bottom of the tunnel to the center of the tunnel was three times the tunnel span. The final
model size was 120 m x 90 m x 6 m. Figure 3 shows the finite element model of the
surrounding rock and lining structure. Figure 3a shows the surrounding rock grid and
Figure 3b shows a diagram of the pneumatic and vibration loads applied on the lining wall
and rail slab.

To improve calculation efficiency and ensure calculation accuracy, parts of the analysis,
such as the segment structure and high-strength bolts, were refined and modeled. The rest
of the segment structure was homogenized according to the principle of equivalent flexural
stiffness [20], calculated using Equation (3).

El = E I + EclL @)
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where E is the equivalent modulus of elasticity of the segment structure, I is the mo-
ment of inertia of the homogeneous model cross-section to the neutral axis, taken as
1.75 x 1072 m* [21], E, E, are the modulus of elasticity of steel reinforcement and concrete,
respectively, I;, I, are the moments of inertia on the neutral axis of steel reinforcement and con-
crete, respectively, where Is = nd*/64,1. = bh®/12, d is the diameter of steel reinforcement

(32 mm), b is the unit length (1000 mm), and # is the segment structure width (550 mm).
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Figure 3. Finite element model of surrounding rock lining structure: (a) surrounding rock grid and

(b) diagram of applied pneumatic and vibration loads.

Because the two parameters of the Mohr-Coulomb model are easily obtained and
widely used in underground engineering, the surrounding rock in the tunnel was calculated
using the Mohr—Coulomb model. According to Pan [22], when a shield tunnel is excavated
the ground stress is released, and can be considered at this time by the parametric softening
method; the surrounding rock to be excavated is discounted by 30% of the elastic modulus,
and the initial stress state of the shield tunnel lining structure during operation can be
calculated. At this time, following to the parameter values and reduction coefficients in the

literature [22], the surrounding rock parameters used in this paper are shown in Table 1.
The lining concrete of the segment was subject to the elastic—plastic damage CDP model
established from the literature [23,24]. The joint bolts were modeled as linearly elastic,
the concrete grade of the shield tunnel segment was C50, and the inverted arch and rail
slab were made of C30 concrete. The relevant parameters for the segment lining, inverted
arch, rail slab, and high-strength bolts in Table 1 were obtained according to code [25]. The

physical parameters required by the specific model are shown in Table 1.

Table 1. Physical and mechanical parameters of materials.

Elastic . Friction . ; Tensile Compressive Shear
Materials Modulus Pﬁ{:&g“ Angle C(it;sal)on ?j\?/m?’ Strength Strength Strength
(GPa) ) (kN/m*) " (vpa) (MPa) (MPa)
Unexcavated
surrounding rock L5 0.35 28 100 20 / / /
Excavated
surrounding rock 1.05 0.35 28 100 20 / / /
Segment structure 34.5 0.2 / / 25 1.89 23.1 /
Inverted arch 30 0.2 / / 24.5 1.43 14.3 /
Rail slab 30 0.2 / / 245 1.43 14.3 /
210 0.17 / / 78.5 400 / 250

High-strength bolt

2.2. Determination of Most Unfavorable Pneumatic Load

The aerodynamic pressure wave generated when two trains meet in a tunnel is much
larger than that generated when a single train runs through the tunnel. Consider two
trains meeting in the middle of a tunnel. When the head of train A enters the tunnel, a
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compression wave propagates to the tunnel exit to form an expansion wave. When the
rear of train B enters the tunnel, the two are superimposed, resulting in stronger expansion
wave action on train B. The compression waves generated by the heads of trains A and B
pass through the entire tunnel at the same time. If the tunnel is too long, the compression
waves are attenuated in the tunnel; if the tunnel is too short, the effect of the compression
waves is inadequate, and the tunnel length is unfavorable.

Based on this principle, Equation (4) can be obtained as follows. With a train speed
of 350 km/h, the most unfavorable tunnel length was calculated to be approximately
700 m; the result from Equation (4) was consistent with the calculation result when using
the formula in the railway industry standard of the People’s Republic of China (TB/T
3503.3-2018) [26]. The time—pressure curve of the pneumatic pressure wave at the central
measurement point of the shield tunnel at a height of 1.5 m from the track surface at this
speed was derived using a slip grid and Fluent software, as shown in Figure 4. The details
of the boundary condition settings and model validation for calculation of the aerodynamic
loads are provided in the literature [27-30].

Lt/C:Lh/U

M=uv/c }:>Lt_1/M><Lh (4)

where L; is the most unfavorable tunnel length when trains meet in the tunnel at equal
speeds, L, is the length of the high-speed trains (203 m), v is the speed of the trains, and ¢
is the speed of sound (335 m/s).

8000
6000 E

4000

3%
S
(=3
(=1

-2000
-4000

Pressure (Pa)
(=]

~6000

—-8000 1

Time (s)
Figure 4. Time-history curve of aerodynamic pressure wave at central measuring point of shield tunnel.

2.3. Determination of Vibration Load and Method Validation

Factors affecting the train vibration load include the train speed, train and rail type,
and irregularity, which make it more difficult to determine the train load. High-speed
railroad routes are mostly seamless lines with integral roadbeds. The irregularity of the
track and the waveform wear effect of the rail surface are the most direct causes of train
vibration loads. Most current irregularity management values use British standards [31], as
shown in Table 2.

Table 2. UK track geometric irregularity management values.

Control Conditions L/m a/m
50 16
Based on smoothness of driving 20 9
10 5
5 2.5
Based on additional dynamic loads acting on the line 2 0.6
1 0.3
0.5 0.1

Waveform abrasion 0.05 0.005
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At this stage, there are three methods to determine the vibration load of the train,
(1) field measurements [32] or inversion of the vibration load of the train based on spectrum
analysis [33], although the results obtained using this method are highly discrete; (2) the
coupled train-track modeling method, which is too complex in terms of the model and
parameters, and insufficiently clear in modeling the wheel-rail contact relationship [34];
or (3) an empirical formula able to accurately represent the vibration load using a simple
expression. Liang et al. [31] modified and improved the train load expression proposed
by Pan and GN [35] by fully considering the mechanism of vibration load generation
(including the train factor, under-rail foundation factor, etc.). The excitation force function
they used can better simulate the train vibration load, as shown in Equation (5):

P(t) = kika(Py + Py sinwyt + P; sin wyt + P sin wst) (5)
P, = Moa;w? (i = 1,2,3) (6)
w; =2mv/L; (i=1,2,3) (7)

where Py is the static load of wheel action, P;, P», and P; are the corresponding peak power
loads, k is the superposition coefficient of adjacent wheel-rail force, k; is the rail dispersion
coefficient, kq is generally taken as 1.2~1.7, and here as 1.6, k; is generally taken as 0.6~0.9,
and here as 0.8, w; is the vibration circle frequency in the unevenness control condition, ¢ is
the time, P; represents the peak power load in the three control conditions, 4; is the typical
vector height in mm, L; is the typical wavelength of the geometrically uneven curve, and v
is the train speed.

For the CRH380A high-speed train used in the model, the axle weight was 15 t and
the unsprung weight was 750 kg. Considering the operating standards of high-speed
railroads, train speeds are increasing; thus, the standards in Table 2 have been adjusted
appropriately and correspond to the wavelength and vector height in the three control
conditions: L1 = 10 m, a1 = 3.5 mm; Ly=2 m, a, = 0.4 mm; L3= 0.5 m, a = 0.08 mm.
The time—pressure curve of the vibration load at a train speed of 350 km/h was calculated
and is shown in Figure 5.

30 ——T———T———T 7T 7T T T T T
250

200
150 "‘ ‘

P3(t) (kN)

N ﬂ
100
I I
0

-50

'100 n 1 n 1 n 1 n 1 n 1 n 1 n 1 n 1 n 1 n
00 02 04 06 08 1.0 1.2 14 1.6 1.8 2.0

Time (s)

Figure 5. Time—pressure curve of vibration load at train speed of 350 km/h.

To verify the rationality of the determined empirical formula and numerical model,
the decay law of the dynamic stress was verified. Because dynamic stresses measured in the
field during passage of high-speed trains through a tunnel at speeds above 300 km/h could
not be found in the literature, field measurements from sections of the Lanxin—Fuchuan
high-speed railway tunnel were used to verify the numerical simulation. The train speed
was 150 km/h; the tunnel cross-section of the high-speed railroad and arrangement of the
pressure sensors are shown in Figure 6.
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Figure 6. Diagram of tunnel section and pressure sensor arrangement for high-speed railroad:
(a) tunnel cross-section and (b) pressure sensor arrangement (unit: cm).

Figure 7 shows the decay curve of the dynamic stress below the track plate with depth
at a train speed of 150 km/h. It was found that the field-measured values and the numerical
simulation results had the same trend; with increasing depth, the deviations at different
positions were 8.2%, 8.1%, 5.1%, and 2.2%. The deviation values were within 10%; thus, the
numerical model and empirical formula were considered to be reasonable.

IS
@

—®—Numerical simulation
—®—Ficld measurement

o
=
T

w
w
T

(%)
(=}
T

[oe]
[
T

20 1 1 1 1 1 1 1 1 1
0.0 02 04 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
Depth (m)

Dynamic stress at the measurement point (kPa)

Figure 7. Comparison of numerical simulation and field measurement results.

2.4. Analysis Process and Calculation Conditions

For the dynamic response of the segment structure and bolts with multi-field coupling
during passage of a high-speed train through a tunnel, the time period of the aerodynamic
load when the head and rear of the train pass through the measurement point was coupled
with the vibration load to ensure that the results represent the most unfavorable condition.
Using Fluent computational fluid dynamics software and ABAQUS finite element software,
the dynamic response and safety of the segment structure and bolts with multi-field
coupling were analyzed based on the model CRH380A high-speed train; the specific
analysis process is shown in Figure 8.

Determination of
train vibration load
on track slab

Figure 8. Analysis process.

Using Finite Element Abaqus
software to build a refinement
model of a shield tunnel
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Solidworks software was used to establish the high-speed train and shield tunnel
models (see Figure 9 for details). Icem software was used to mesh the train and shield
tunnel models. It should be noted that the bolt holes of the shield tunnel were simplified;
see Figure 10 for details. The divided mesh was imported into Fluent, the parameters
were set, and the aerodynamic effects on the shield tunnel walls were calculated. The
aerodynamic load at the most unfavorable location (the central monitoring point of the
shield tunnel) was selected as the basis for analysis, and the train vibration load on the track
slab was estimated using empirical formulas (see Formula (5)). With the established 3D
finite element model, the calculated pneumatic and vibration loads (see the time—pressure
curve in Figures 4 and 5) were imported into ABAQUS in the form of a table in order
to analyze the dynamic characteristics and safety of the segment structure and bolts in
different working conditions (see Figure 3b for details).

e f T ==

Figure 9. Train and shield tunnel model.

H FH
T t HHF

Figure 10. Hexahedral grid for train and shield tunnel.

Table 3 presents the simulated working conditions for the finite element numerical
calculations. For convenience of calculation, the effects of the cavity height and cavity
length behind the lining were ignored; the cavity height and length in each working
condition were defined as 0.5 m and 4.0 m, respectively. For A, with no cavity behind
the segment, the debonding behind the vault was analyzed with the midline of the shield
tunnel as the symmetry axis. The cavity range was 30°, 45°, and 60°, while the cavity area
was symmetrical about the symmetry axis. The schematic diagram of the cavity scheme is
provided in Table 3. A1(A1’) and A3(A3') are the edge measurement points at the junction
position in the cavity and non-cavity areas of the segment, respectively, while A2(A2') is
the middle measurement point at the junction in the cavity and non-cavity areas of the
segment. The letters outside and inside the brackets indicate the measurement points on
the outer and inner sides of the segment, respectively. The same is the case for the other
measurement points. For space considerations, only some of the measurement points
behind the vault were analyzed.
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Table 3. Numerical simulation scheme.

Cavity Range
Train Speed Work Solutions A 8 : Diagram of the Cavity
(km/h) Conditions Range Leing)th H(elg)ht Range
m m
No cavity A / / /
D-30° 30°
Cavit 4 0.5
avity ° o
350 range D-45 45
behind the
vault D-60° 60°

3. Results and Discussion
3.1. Maximum Principal Stress on Segment Structure
3.1.1. Maximum Principal Stress Cloud Map of Segment Structure

The effects of the vibration and pneumatic loads generated by trains passing through
the tunnel on the maximum principal stresses in the segment structure were analyzed to
determine the extent of the cavity behind the vault. Figure 11 shows the variation in the
maximum principal stress clouds in different cavity ranges behind the vault on the outer
(Figure 11a—c) and inner (Figure 11d—f) surfaces of the segment structure. The tensile stress
is positive, and the compressive stress is negative in the finite element calculation.
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Figure 11. Maximum principal stress cloud maps for segment structures: (a) 30° cavity range behind
the vault, outside; (b) 45° cavity range behind the vault, outside; (c) 60° cavity range behind the vault,
outside; (d) 30° cavity range behind the vault, inside; (e) 45° cavity range behind the vault, inside;
(f) 60° cavity range behind the vault, inside.

From Figure 11, it can be observed that when the cavity behind the lining is small, the
stresses on the outside of the vault of the segment structure are concentrated and are the
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largest. Tensile stresses appear on the outer surface of the vault of the segment structure,
and the range of tensile stresses on the outer surface of the segment structure increases as
the cavity range behind the lining increased. Compressive stresses are present around the
outer surface of the cavity range. Tensile stresses are formed on both sides of the inner
surface of the segment structure, and compressive stresses are formed in the middle. Tensile
stress is formed on the outside of the segment within the cavity range and on the inside
of the segment at the border of the cavity, while compressive stress is formed elsewhere.
The segment structure is prone to cracks at locations with tensile stress and at junctions of
tensile and compressive stress.

3.1.2. Variation in Maximum Principal Stresses in Segment Structures with Different
Loading Fields

According to the Railway Tunnel Design Code [36], the tunnel lining (segment struc-
ture) should be tested for the cross-sectional strength of the members according to the
stage of breakage; the ultimate strengths of different concretes are presented in Table 4.
The ultimate compressive and tensile strengths of the C50 concrete used in this study are
36.5 MPa and 3.1 MPa, respectively.

Table 4. Ultimate strength of concrete (MPa).

Concrete Strength Grade

Strength Type Symbols
g P y C15 C20 C25 C30 C40 C50
Compressive strength 20 12.0 15.5 19.0 22.5 29.5 36.5
Tensile strength 10 14 1.7 2.0 2.2 2.7 3.1

To analyze the effect of the main load (surrounding rock pressure) and additional
load (pneumatic and vibration load) on the maximum principal stress on the segment
structure with and without a cavity behind the vault, Figure 12 shows the variation in
the peak maximum principal stress on the segment structure with different cavity ranges.
For convenience, in subsequent analysis “E-S” represents the mechanical response of the
segment structure caused by the surrounding rock pressure, “E-S+A-L” represents the
mechanical response of the segment structure caused by the surrounding rock pressure and
pneumatic load together, and “E-S+A-L+V-L” represents the mechanical response of the
segment structure caused by the surrounding rock pressure, pneumatic load of the train,
and vibration load together.
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Figure 12. Amplitude change of the maximum principal stress on the lining segment structure of the
shield tunnel in different working conditions: (a) different cavity range behind vault and (b) different
loading fields.

The maximum principal stress on the segment structure gradually decreases as the
size of the cavity behind the vault increases, as shown in Figure 12a, because the stress
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concentration is more evident when the cavity range of the vault is small. Overall, the
maximum principal stress peak variation in the segment structure due to pneumatic loading
is smaller than the maximum principal stress peak variation due to vibration loading,
with the former being 60%, 53.8%, and 70.8% of the latter. However, the peak values of
the maximum principal stress on the segment structure caused by the surrounding rock
pressure are 92.7 times, 74.2, times, and 71.4 times greater than the change in the peak values
of the maximum principal stress caused by additional loads (pneumatic and vibratory
loads). In Figure 12b, it can be observed that the peak value of the maximum principal
stress on the segment structure caused by the surrounding rock pressure is 0.013 MPa
greater than that with no cavity. The peak change in the maximum principal stress on the
segment structure caused by the pneumatic load is 30.8% greater than that with no cavity,
and the peak change in the maximum principal stress on the segment structure caused by
the vibration load is 41.2% greater than that with no cavity. This indicates the possibility of
structural cracks in the segment structure resulting from the cavity behind the lining.

3.2. Force Characteristics and Safety of Segment Structure

This subsection analyzes the variation in axial force and bending moment on the
segment structure with and without a cavity behind the vault through finite element
calculations. The stress values on the inner and outer surfaces perpendicular to the most
unfavorable condition on the segment structure of the shield tunnel were extracted and the
internal force of the section per unit length was calculated based on the stress values on the
inner and outer sides of the segment structure. The axial force is the same as described in
Section 3.1; the bending moment is positive for inward bending and negative for outward
bending. The axial force and bending moment of the segment structure are expressed by
Equations (8) and (9) [37]:

N = %(0’1 + 0p)bh (8)
_ 1 th
M = 15 (01— 00) )

where  is the thickness of the segment structure, taken as 550 mm, b is the unit length,
taken as 1000 mm, o7 and o0y are the inner and outer stress values of the segment struc-
ture, respectively, and N and M are the axial force and bending moment of the segment
structure, respectively.

After calculation, in order to further analyze the safety of the shield-tunnel lining
according to the Railway Tunnel Design Code [32], the tunnel lining was tested for the
cross-sectional strength of the elements according to the breakage stage. The safety of the
segment structure was determined according to the ratio of the calculated ultimate bearing
capacity to the actual axial force and compared with the safety coefficient for concrete
structural strength proposed in the code (Table 5). The safety coefficient was calculated
using Equation (10):

k= N,/N > [k] (10)

where k is the safety factor, N, is the ultimate bearing capacity controlled by the compressive
or tensile strength of the member material under axial or eccentric pressure, and [k] is the
safety factor required by the code.

Table 5. Strength safety factor of concrete structure.

.. . Main Load +
Load Combination Main Load Additional Load
Concrete reaches compressive
. 24 2.0
Causes of damage ultimate strength
Concrete reaches tensile ultimate 36 30

strength
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According to the Railway Tunnel Design Code, when ¢y < 0.2k the tunnel lining con-
trols the bearing capacity according to the compressive strength. The compressive strength
of the concrete section center and eccentric compressive members are calculated using
Equation (11). When ¢y > 0.2h, the bearing capacity of the concrete section is determined
by the crack resistance requirement, which is calculated from the tensile strength of the
material using Equation (12):

kN < @aR,bh (11)

kN < ¢-1.75Rbh/ (6eg/h — 1) (12)

where k is the safety factor, N is the axial force, ¢ is the longitudinal bending coefficient of
the member, with ¢ = 1.0 for the tunnel lining, R,, R; are the ultimate compressive and
tensile strength of the concrete, respectively, b is the section width, # is the section thickness,
ep is the section eccentricity distance, and a is the eccentricity influence coefficient of axial
force, calculated as a = 1.0—1.5¢y/ h.

The next step is to explore the internal force and safety of the segment structure for
different cavity ranges. Figure 13 shows the annular axial force distribution of the segment
structure for different cavity ranges behind the vault.

Maximum axial force of segment lining
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Figure 13. Axial force distribution of segment structure behind the vault with different cavity ranges:
(a) no cavity; (b) 30° cavity range; (c) 45° cavity range; (d) 60° cavity range.

As shown in Figure 13, the axial force on the entire segment structure is negative and
under pressure, regardless of the presence or absence of a cavity behind the vault. With
increasing size of the cavity behind the vault, the axial force at other locations decreases
significantly, except for the axial force of the segment structure at the foot and bottom of the
arch, which does not change significantly. Figure 13 shows that the axial force at the foot of
the arch of the segment structure is the largest and the axial force at the bottom of the arch
is the smallest under the pressure of the surrounding rock. Under a pneumatic load, the
axial force variation of the segment structure at the bottom of the tunnel is small owing to
the influence of the inverted arch and tunnel structure, while the axial force variation at
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other locations of the segment structure is more uniform, which is related to the pneumatic
pressure applied to the segment structure. Under a vibration load only, the axial force
variation in the segment structure at the foot and bottom of the arch is much larger than
that at the top and waist of the arch.

Figure 14 shows the distribution of the circumferential bending moment of the segment
structure for different ranges of the cavity behind the vault. In Figure 14, the stress
concentration in the vault is obvious; the bending moment is the greatest with a 30° cavity
range behind the vault. The segment structure at the arch waist changes from a negative
outward bending moment to a positive inward bending moment. The influence of the
section bending moment is smaller farther from the top of the arch debouching. Figure 14
shows that the bending moment of the segment structure is the greatest at the foot of the
arch and during debouching, while the bending moment at the bottom of the arch is the
smallest under the pressure of the surrounding rock. Under a pneumatic load, the bending
moment of the segment structure at the foot of the arch varies significantly. Only under
the action of a vibrational load is the variation in the bending moment of the segment
structure at the foot of the arch much larger than the variation in the bending moment at
other positions. The dominance of the bending moment on the segment structure caused
by the pressure of the surrounding rock indicates that the variation in the bending moment
of the segment structure is related to the form of the load, whereas the distribution of
the main bending moment diagram is closely related to the structural form of the shield
tunnel. From a quantitative perspective, the bending moment of the segment structure
with a 30° cavity behind the vault is increased 12.2 times compared to no cavity, while the
bending moment of the segment structure at the arch waist is increased by 17.2 times and
the bending moment of the foot of the arch far from the vault cavity is increased by 2.1%.
This indicates that the bending moment of the segment structure increases for a certain
cavity range of the vault, placing great demand on its bending resistance.

Maximum bending moment of segment lining
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Figure 14. Bending moment distribution of lining section behind the vault with different cavity

ranges: (a) no cavity; (b) 30° cavity range; (c) 45° cavity range; (d) 60° cavity range.
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Table 6 presents the safety factors of the segment structure for different cavity ranges
behind the vault. The axial force values of the segment structure in the shield tunnel in
different working conditions under pneumatic load are 0.418%, 0.407%, 0.408%, and 0.41%
of the axial force values in the segment structure caused by the surrounding rock pressure.
The safety factors of the segment structure reach 647.6, 669.2, 669.2, and 669.2, respectively.
With only the train vibration load, the axial force in the segment structure is 3.44%, 3.505%,
3.506%, and 3.496% of the axial force in the tube sheet structure caused by the surrounding
rock pressure. The safety factors of the segment structure reach 78.7, 77.8, 77.8, and 78 4,
respectively. This indicates that the vibration load has a greater effect on the segment
structure at a certain train speed, and that the safety factor of the structure is decreased
by more than the effect of the pneumatic load. With only the surrounding rock pressure,
the safety factors in the different working conditions decrease to 2.71~2.74, indicating that
the surrounding rock pressure is the main factor affecting the safety of the shield tunnel
segment structure. Based on the concrete structure safety factor standards in Table 5 and
the calculated safety factors in Table 6, it can be concluded that the safety factor of the
segment structure meets the specification requirements regardless of the load form and
multi-field coupling.

Table 6. Internal force and safety factor of segment structure with different cavity ranges behind
the vault.

Bending Moment Safety Total Safety

Working Conditions and Loads Axial Force (kN) (N - m) Factor Factor
Surrounding rock pressure —7410 —535.6 2.71
Negative peak pneumatic B _ 2.608
No cavity pressure (—6.49 kPa) 31 31 647.6
Peak vibration load of the train
(266.77 kN) —255 —4.0 78.7
Surrounding rock pressure —7361 —547.1 2.73
30° range cavity Negative peak pneumatic 30 -30 669.2 2.624
. pressure (—6.49 kPa)
behind the vault o .
Peak vibration load of the train 958 40 778
(266.77 kN) ’ ’
Surrounding rock pressure —7359 —525.6 2.73
45° range cavity Negative peak pneumatic 30 3.0 669.2 2.625
. pressure (—6.49 kPa)
behind the vault . . .
Peak vibration load of the train 958 _49 778
(266.77 kN) ‘ ’
Surrounding rock pressure —7323 —588.8 2.74
60° range cavity Negative peak pneumatic -30 =31 669.2 2.638
. pressure (—6.49 kPa)
behind the vault Peak vibration load of the train
—256 —52 78.4

(266.77 kN)

3.3. Stress—Strain Law of High-Strength Bolts for Segment Structure Connection

Based on the Code for Design of Concrete Structures [25], considering the nonlinear
characteristics of the high-strength bolt material, the final elastic—plastic bifold isotropic
strengthening model was used for the connection bolt between adjacent segments. The
performance grade was 8.8 (yield strength of 640 MPa and tensile strength of 800 MPa)
with M30 friction-type high-strength bolt material; the stress—strain relationship of the
high-strength bolt is shown in Figure 15. The stress—strain curve in Figure 15 consists of an
elastic and a plastic segment. The initial elastic modulus is 210 GPa, the elastic modulus in
the strengthening phase is 2.1 GPa, and the Poisson’s ratio is 0.3. When the stress of the
high-strength bolt reaches the yield strength, the strain is 0.003 while when the ultimate
tensile strength is reached the ultimate tensile strain is 0.08.
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Figure 15. Stress—strain curve of bolt.

The segmented structure of a shield tunnel is typically connected using high-strength
bolts. In this study, two types of high-strength bolts, namely, straight bolts and bending
bolts, were used for modeling. Because the stresses and strains of the joints differ slightly
with different high-strength bolts, the analysis below focuses on the stresses and strains of
these high-strength bolt joints and their corresponding safety with high-speed trains passing
through shield tunnels with different cavity ranges behind the vault. The von Mises stress is
a yield criterion that follows the fourth strength criterion in the mechanics of materials; the
material yields when the von Mises stress reaches the yield stress. Thus, von Mises stresses
were used in analysis of the high-strength bolts. In order to visually observe changes in the
stress and strain in the bolts, the stress and strain clouds of straight and bending bolts in the
segment connection with a 30° cavity range behind the vault were analyzed.

Figures 16 and 17 show the stress cloud maps of the straight bolt for a 30° cavity
range behind the vault and the variation law of the straight bolt stress along the bolt axis,
respectively. The maximum stress of the high-strength bolt reaches 634.2 MPa, while the
maximum stress of the bolt rod reaches 155.0 MPa. The bolt rod remains in the elastic stage
according to the stress—strain curve for the high-strength bolt. Figures 16 and 17 show that
the stress of the bolt rod is greater at the seam surface, while the stress of the high-strength
bolt rod far from the seam surface is smaller (with the exception of the nut) and the stress
of the bolt near the nut is greater. The overall stress presents an approximately “W”-shaped
distribution. The maximum stress of the high-strength straight bolt increases slightly with
superposition of the pneumatic and vibration loads of the train. As the stress at the seam
surface is easily misaligned under multi-field coupling and the action of mainly vertical
pressure, the stresses at the top and bottom of the seam surfaces of the high-strength bolts
are relatively large.
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Figure 16. Stress cloud map distribution of straight bolt with a 30° cavity range behind the vault:
(a) pressure action of surrounding rock; (b) combined effect of surrounding rock pressure and
pneumatic load; (c) combined effect of surrounding rock pressure, pneumatic load, and vibration load.
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Figure 17. Straight bolt stress along the axis of the bolt with a 30° cavity range behind the vault.

Figures 18 and 19 respectively show the strain cloud maps of the straight bolt with a
30° cavity range behind the vault and the variation law of the bolt strain for the straight
bolt along the bolt axis. Based on the stress analysis of the high-strength bolts, it is clear that
they remain in the elastic phase. The next analysis considers the maximum principal strain.
From Figures 18 and 19, the maximum principal strain of the high-strength straight bolt is
2.973 x 1072 and the maximum principal strain of the bolt rod is 4.088 x 10~*. The strain
of the high-strength bolt far from the seam surface (except at the nut) tends to be 0, and the
strain of the whole bolt presents an approximately “W”-shaped distribution. The maximum
principal strain of the high-strength straight bolts increases slightly with superposition of
the pneumatic and vibration loads of the train. The strain of the high-strength bolt caused
by the pressure of surrounding rock is much larger than the strain caused by pneumatic
and vibrational loads. The analysis shows the change laws for the stress and strain of
high-strength straight bolts. Next, we consider the change laws for the stress and strain of
bending bolts and the difference between bending and straight bolts.
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Figure 18. Strain cloud map distribution of straight bolt with a 30° cavity range behind the vault:
(a) pressure action of surrounding rock; (b) combined effect of surrounding rock pressure and
pneumatic load; (c) combined effect of surrounding rock pressure, pneumatic load, and vibration load.
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Figure 19. Straight bolt strain along the axis of the bolt with a 30° cavity range behind the vault.
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Figures 20 and 21 respectively show the stress cloud maps of the bending bolt with a
30° cavity range behind the vault and the variation law for the bolt stress along the bending
bolt axis. The maximum stress of the high-strength bending bolt is 495.5 MPa, the maximum
stress of the bolt rod is 102.2 MPa, and the bolt remains in the elastic stage. Compared with
the maximum stress of the high-strength straight bolt in the same conditions, the maximum
stresses of the bending bolt and bending bolt rod are 78.1% and 65.9%, respectively, of
the maximum stress of the straight bolt. The stress in the bending bolt is approximately
distributed in a “W” shape about the center of the bending bolt rod.
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Figure 20. Stress cloud map distribution of bending bolt with a 30° cavity range behind the vault:
(a) pressure action of surrounding rock; (b) combined effect of surrounding rock pressure and
pneumatic load; (c) combined effect of surrounding rock pressure, pneumatic load, and vibration load.
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Figure 21. Bending bolt stress along the axis of the bolt with a 30° cavity range behind the vault.

Figures 22 and 23 respectively show the strain cloud maps of the bending bolt with
a 30° cavity range behind the vault and the variation law of the bolt strain along the
bending bolt axis. The maximum principal strain of the bending bolt is 2.323 x 10~ and
the maximum principal strain of the bending bolt rod is 2.519 x 10~%. Compared with
the strain of the straight bolt in the same conditions, the maximum principal strains of
the bending bolt and bending bolt rod are 78.1% and 61.6%, respectively, of the maximum
strain of the straight bolt. With superposition of the pneumatic and vibration loads of
the train, the maximum principal strain of the bending bolts slightly increases, with the
surrounding rock pressure playing a major role.
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Figure 22. Strain cloud map distribution of bending bolt with a 30° cavity range behind the vault:
(a) pressure action of surrounding rock; (b) combined effect of surrounding rock pressure and
pneumatic load; (c) combined effect of surrounding rock pressure, pneumatic load, and vibration load.
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Figure 23. Bending bolt strain along the axis of the bolt with a 30° cavity range behind the vault.

Because the strain of the high-strength bolt is much smaller than the yield strain value
and the maximum stress on the bending bolt is smaller than the maximum stress on the
straight bolt, the effects of pneumatic and vibrational loads on the stress amplitude were
only analyzed for the straight bolt.

Figures 24 and 25 show the variation in the amplitude for high-strength straight
bolts due to pneumatic and vibrational loads with different cavity ranges behind the
vault. With no cavity behind the lining, the stress on the bolt is relatively small, while the
stress amplitude fluctuates with the pneumatic and vibration loads. With a certain cavity
range behind the vault, the nodal stress on the high-strength straight bolt caused by the
pneumatic and vibrational loads is high in the middle and low on both sides, which is
due to the bolt at the seam surface being prone to misalignment with multi-field coupling,
causing the stress at this location to be higher than that at other locations in the bolt.
Figures 24 and 25 show that as the size of the cavity behind the vault increases, the stress
amplitude in the bolts due to vibratory loading is significantly higher than that due to
pneumatic loading. The stress on the straight bolts caused by pneumatic loading first
increases and then decreases, reaching a maximum stress of 0.31 MPa with a 30° cavity
range behind the vault. Both the vibrational load alone and the pneumatic load and
vibrational load together produce a gradual increase in the stress in the straight bolts; the
maximum stresses are 0.65 MPa and 0.9 MPa, respectively, with a 60° cavity range behind
the vault.
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Figure 24. Variation in stress amplitude for straight bolt with different cavity ranges behind vault:
(a) no cavity; (b) 30° cavity range; (c) 45° cavity range; (d) 60° cavity range.
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Figure 25. Stress amplitude change at the central measuring point of the straight bolt rod with
different cavity ranges behind the vault.

4. Conclusions

A refined three-dimensional stratigraphic—structural model of the surrounding rock
was established using finite element software, and the force characteristics of the segment
and high-strength bolt were analyzed with and without a cavity behind the vault consid-
ering the coupling action of multiple fields in order to determine their safety. The main
conclusions of this study are presented below.

(1) The segment structure was under pressure regardless of whether the vault had
a cavity behind it. Compared to the situation with no cavity behind the lining, when
the cavity behind the lining was small the stresses of the segment structure were large
and concentrated, which increased the possibility of crack development in the segment
structure. As the cavity range increased, the range of tensile stress on the outside surface
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of the segment structure increased. However, as the cavity range increased, the range
of tensile stress on the outside sur-face of the segment structure increased, and the axial
force of the segment structure near the cavity was significantly reduced; furthermore,
the negative bending moment with a cavity was significantly increased compared with
no cavity.

(2) The peak variation in the maximum principal stress caused by the pneumatic
load was smaller than the variation in the peak maximum principal stress caused by the
vibrational load, with the former being 70.8% of the latter at the maximum. The peak
value of the maximum principal stress on the segment structure caused by the surrounding
rock pressure was 92.7 times greater than the change in the peak value of the maximum
principal stress caused by additional loads (pneumatic and vibrational loads).

(3) With only the pneumatic load, the maximum axial force of the segment structure
was 0.418% of the axial force in the segment structure caused by the surrounding rock
pressure. With only the train vibrational load, the maximum axial force of the segment
structure was 3.506% of the axial force in the segment structure caused by the surrounding
rock pressure. This indicates that the pressure of the surrounding rock is the main factor
affecting the safety of the shield tunnel segment structure.

(4) With a cavity behind the vault, the nodal stresses and strains on the straight bolts
and bending bolts presented an approximate “W” shape. The strains of the bolts were
much smaller than the yield strain. The maximum stresses on bending bolts were smaller
than the maximum stresses on straight bolts.

(5) With no cavity behind the lining, the stress on the bolts was relatively small, while
the stress amplitude fluctuated with the pneumatic and vibration loads. With a certain
cavity range behind the vault, the nodal stress on the high-strength straight bolts caused
by pneumatic and vibrational loads was high in the middle and low on both sides, as the
bolts were prone to misalignment with multi-field coupling at the seam surface, causing
the stress at this location to be higher than at other locations in the bolt.

In conclusion, the influence of the aerodynamic load was the lowest, followed by the
vibrational load, and the influence of the surrounding rock pressure on the structure was
the greatest. Under the action of the surrounding rock pressure, train vibrational load, and
pneumatic load, the segment structure and high-strength bolts met the requirements of the
specification, and will not sustain damage.
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