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In this study, the effect of the high-speed train vibration loading on an adjacent damaged tunnel is investigated. Three sets are
established to study the effects of the different vibration loadings on the tunnel lining considering the vertical excitation force of
the CRH (China Railway High-speed) train. An expression of excitation force for the train vibration loading is applied to simulate
the interaction force between wheel and rail, which is set with high-, medium-, and low-frequency responses, and reflects the
influences of driving comfort, additional dynamic load, and rail corrugations. The eigenvalue analysis and spring damping
absorbing boundary are applied in the numerical simulation. In addition, a quantitative criterion is selected as the allowable
vibration peak velocity for the cracked structure. The analysis of the vibration velocity, dynamic deformation, and acceleration of
the cracking region show that the secondary lining of this damaged tunnel in set 1 basically has a higher vibration response than
that in set 2 for the closer running track. The most adverse working condition with the greatest impact on the lining structure is

that two CRH trains simultaneously passing through the cross section in set 3.

1. Introduction

A tunnel is an essential and special underground structure in
railway transportation. For the reason that lining structure
suffers influences from tunnel site conditions and con-
struction factors, damaging behaviors are commonly ob-
served from construction period to operation period. To
ensure the structural stability and safety, more and more
attention was paid to the damaging behaviors in the tunnel
[1, 2]. Moreover, previously published literature demon-
strates that crack is the most common outcome of the
damaged tunnel lining structure [3-5].

Dynamic effects may not only cause cracks but also
accelerate further development of the existing cracks. So the
dynamic response of the tunnel structure cannot be ignored
in the realistic engineering project [6-9], which may be
caused by the surrounding vibration source [10, 11]. For this
reason, the relationship between tunnel and vibration
loading must be figured out [12, 13] to ensure safety and
stability of tunnel. Nevertheless, few studies have focused on

the stability of the damaged tunnel influenced by the train
vibration in the adjacent tunnel.

In this paper, a novelty study of a longitudinal crack in a
railway tunnel is presented, which focuses on the influence
of the train dynamic load on the adjacent structure. The
result in this paper can provide valuable guidance for the
subsequent reinforcement work and the similar engineering
projects located in this area.

2. Engineering Background

2.1. Location and Environmental Condition. The subject
railway tunnel in this study is in Zunyi city of Guizhou
Province, China (Figure 1), and has 1627 m longitudinal
length and 107 m maximum burial depth. The principal
stratum, where the railway tunnel is located, is a tilted
stratum composed of limestone and mudstone intercalated
with limestone. Small amounts of shale intercalated with
limestone and coal seam are found near the tunnel. The
geology database shows that the surrounding rock is
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FiGure 1: Location of the tunnel.

developed with joint fissures, and the major classification of
the underground water is bedrock fissure water. Moreover,
there is no obvious seismicity or faultage around the tunnel
site. Since the tunnel is located in mountainous topography,
the complex topographical conditions cause typical asym-
metrical loading on the tunnel trunk in several places. An
adjacent high-speed railway tunnel is located at the right side
of the railway tunnel, which is in the operation stage.

2.2. Supporting Type of Tunnel. Figure 2 shows the typical
cross section of the tunnel, which has 8 m height and 5.5m
width, and is designed as a composite lining structure. In the
primary lining, a grid steel frame is arranged with a lon-
gitudinal spacing of 1.2m, a round bar with a diameter of
6mm is adopted as a steel mesh by spacing of
0.25m x 0.25m in the longitudinal and circumferential di-
rections, and C25 [14] shotcrete is used with a thickness of
0.15m. The grouted anchor rods, whose diameters and
lengths are 25mm and 3 m, respectively, are fixed by the
spacing of 1.2mx1.2m in the surrounding rocks after
excavation. In the secondary lining, C30 plain concrete with
0.30 m thickness is used. The space between the inverted
arch and the pavement is backfilled using C20 rubble
concrete.

2.3. Lining Cracking of the Tunnel. After the construction of
the tunnel completed, cracks of the secondary lining were
observed in this tunnel. The topographic condition, geo-
logical condition, and adjacent high-speed railway tunnel
were confirmed as the inducements of lining cracking. To
visually demonstrate the distribution of the cracks, a pan-
oramic image of the tunnel structure is built as shown in
Figure 3. A longitudinal crack initiated at the right sidewall
region, such as the blue line in Figure 3. This crack linearly
and continuously spreads along the longitudinal direction of
the secondary linings and is distributed approximately
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FIGUre 2: Typical supporting type of the tunnel (unit: m).

within the right sidewall region; the maximum crack width is
approximately 4 mm, and the crack depth is greater than
0.2m.

Because the aforementioned adjacent high-speed railway
tunnel is in the operation stage, the effect of the train dy-
namic load on the cracked lining receives great attention.
Figure 4 shows that the space between these two tunnels is
very close, from which the altitude difference of the rail
surfaces is 2.7 m and the spacing between the tunnel central
lines is 14.8 m around the area (40 m in the axial direction) as
shown in Figure 3.

3. Methodology

3.1. Simulation of Train Vibration Loading. In this study, the
effect of the high-speed train on this cracked tunnel must be
investigated, which can provide a reasonable basis for the
maintenance schedule. The most important step of the study
is to confirm the simulation method of the train vibration
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loading. Many theoretical and experimental studies of the
British railway technology centre show that the wheel/rail
vertical force is always caused by many types of irregularities
[11, 15]. The experiments also show that the wheel/rail
vertical force mainly appeared in three frequency ranges:
(1) low-frequency range (0.5~10 Hz), (2) medium-frequency
range (30~60Hz), and (3) high-frequency range
(100~400 Hz). The measured results show that the wheel/rail
force is more intense in the middle- and low-frequency
ranges, and the high-frequency range mainly affects the
vibration response of the vehicle body. For the British track
with a train speed of 200 km/h, the management standard of
geometric irregularity is shown in Table 1.

An excitation source can be used to simulate the train
vibration, which includes the static load and a series of the
sine function of the vibration loading. The excitation force
for the train vibration loading is used to simulate the in-
teraction force between the wheel and the rail, which is set
with high-, medium-, and low-frequency response and can
reflect the influences of geometric irregularities:

F(t) = Py + P, sinw,t + P, sinw,t + P5 sin wst, (1)

TaBLE 1: Management standard of geometric irregularity (UK).

Control requirement Wavelength (m) Versine (mm)

50 16

Driving comfort (I) 20 9

10 5

5 2.5

Additional dynamic load (II) 2 0.6

1 0.3

. . 0.5 0.1
Rail corrugations (III) 0.05 0.005

where P, is the static load of the wheel and P}, P,, and P; are
the vibration loads of different control requirements. For the
unsprung mass M, of the train, the corresponding ampli-
tude of vibration loading is

P, = Myaw;, )

where a; is the versine in three control requirements in
Table 1 and wj is the circular frequency at the wavelength of
track irregularity under the corresponding speed. The cal-
culation formula of the circular frequency is



v
w; = 21 fi’ (3)
where v is the speed of the train and L; is the typical
wavelength that corresponds to the control requirements.

The axle load required by the railway is generally
16~17¢t, and the single-side static wheel weight is
P, =80kN. The unsprung mass is taken as M, = 750 kg, and
the design speed in the standard is v=350 km/h for a high-
speed train. Corresponding to the three control re-
quirements, the typical vibration wavelength and the
corresponding versine are taken as L;=10m and
a,=3.5mm, L,=2m and g, =0.4mm, and L;=0.5m and
a; =0.08 mm, respectively. For the CRH (China Railway
High-speed) train speed of v = 180~324 km/h, the ranges of
low frequency, medium frequency, and high frequency are
5~9Hz, 25~45Hz, and 100~200 Hz, respectively. In ac-
cordance with the above experimental rules, the excitation
force is an irregular wave type. For this study, the CRH
train speed is v =320 km/h, and the excitation force within
0~2.5s is shown in Figure 5.

3.2. Boundary Conditions. The reflection of waves in trun-
cated boundary will occur under the fixed boundary con-
dition that results in energy accumulation, which causes a
large displacement change of concrete lining. To avoid this
influence, the damping boundary is used in the numerical
model, which can ensure that the wave energy will spread in
the border.

The spring stiffness for the spring damping absorbing
boundary is set up by using the coefficient of the subgrade
reaction force, and the damping constant per unit area is
selected according to the following formula:

A+ 2
Cpizpi'A . G’
Pi
(4)
2G
Csizpi'A I
Pi

where c,; is the damping constant per unit area for P-wave,
¢ is the damping constant per unit area for S-wave,
A=vE/((1+v)(1-2v)), G=vE/2(]1 +v), E is the elasticity
modulus, v is Poisson’s ratio, and A is the area.

3.3. Sets of Numerical Simulation. Three different sets are
simulated in this study, as shown in Figure 6, considering the
conditions of a single train passing through the left track, a
single train passing through the right track, and both trains
simultaneously passing through the tracks. There is an
observation point to study the influence of the train vi-
bration loading on the realistic cracking location, which is
shown as the red dot in Figure 6.

3.4. Establishment of Numerical Model. The numerical
model is established for the typical tunnel cross section by
the finite element method (FEM), and the mapping mesh of
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F1Gure 5: Oscillogram of the simulated vertical excitation force.

the numerical simulation is shown in Figure 7. The sur-
rounding rocks in the numerical model are simulated by
solid elements under the 2D plane strain assumption.
Moreover, secondary lining is considered as the ideal elastic
material by using the beam element. For the dynamic
analysis, an eigenvalue analysis is used to analyse the in-
herent vibration characteristics of the rock and structure.
Through the eigenvalue analysis, the vibration participation
coefficient of its natural mode (mode state), natural period
(natural frequency), and other characteristics are de-
termined by the mass and stiffness of the structure. These
characteristics depend on the mass and stiffness of the
structure. Periods of 0.65s and 0.53 s are selected in this
numerical model.

The physical properties in the numerical simulation are
listed in Table 2, which are obtained from geologic exam-
ination and design document. Moreover, the left cracked
lining is assumed unbroken in the numerical model, and we
only focus on the effect of the vibration loading on the
concrete structure.

4. Results and Discussion

4.1. Analysis of the Vibration Velocity. The outputs of the
time history curve of the vibration velocity at the observation
point are shown in Figure 8. The responding vibration
velocity of the lining obviously increases when the CRH
train passes through the adjacent tunnel in each set. In set 1,
the peak velocity decreases by approximately 5% in the
horizontal direction and increases by approximately 20% in
the vertical direction compared with that in set 2. The results
show that the CRH train passing through the left track has a
greater effect on the cracked lining than the right one in full
speed. The peak velocity of set 1 in the horizontal direction
increases by approximately 90% and that in the vertical
direction increases by approximately 31% compared with
that in set 3. To establish a quantitative criterion, 2.5 mm/s is
selected as the allowable vibration peak velocity for the
cracked concrete structure [16]. Thus, the vibration speed
peak at the observation point does not satisfy the standard
requirements within a certain time range. It can be obtained
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FIGURE 6: Sets of numerical simulation: (a) 1, (b) 2, and (c) 3.
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FIGURE 7: Mapping mesh of the numerical model.

TaBLE 2: Physical properties of the numerical model.

Material Physical and mechanical parameters

Surrounding rock E=1GPa, p=2200kg/m’, 4=0.32, 0, =150 kPa, ¢ =30
Lining of left tunnel E=30.0GPa, p=2500kg/m’, f.=14.3MPa, f, =143 MPa, 4=0.23
Lining of right tunnel E=31.5GPa, p=2500kg/m>, f!=16.7MPa, f,=1.57 MPa, 4=0.23
Filled layer E=28.0GPa, p=2500kg/m’, f.=11.9MPa, f,=1.27 MPa, 4 =0.23
Steel rail E =210 GPa, p = 7800 kg/m>, ;= 0.31,

that when two CRH trains simultaneously pass through the  allowable vibration peak velocity, the vibration velocity of
adjacent tunnel at full speed, the damaged lining should have ~ the observation point in set 1 and set 3 cannot satisfy the
the maximum vibration velocity. Compared to the 2.5 mm/s  requirement.
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FIGURE 8: Time history of the vibration velocity of observation point: (a) horizontal direction and (b) vertical direction.

4.2. Analysis of the Dynamic Deformation. In Figure 9, the
dynamic deformation of the observation point shows an
oscillatory-increasing tendency. The unique variation ten-
dency is caused by the train excitation force in Figure 5, and
the maximum dynamic deformation of these three sets is
0.28 mm in set 3. When the excitation force reaches 1.6s
with the maximum excitation force, the dynamic de-
formation is only 0.04 mm and reaches the peak value of
0.08 mm after 0.2 s in set 1. The curve indicates that there is a
peak in each increasing stage and decreasing stage, but the
frequency is behind the frequency of the excitation force.
The reason for this phenomenon is that the tracks are di-
rectly subjected to the dynamic force, which is subsequently
transmitted to the concrete filling layer, right lining struc-
ture, surrounding rock, and left lining structure. In the
process of downward transmission, there is a certain time
difference due to the influence of fluctuation through dif-
ferent media and transmission distance. The maximum
dynamic deformations of three sets are above 0.1 mm, which
implies that the train dynamic load may cause further crack
development because the crack is usually in units of
millimeter.

4.3. Analysis of the Dynamic Acceleration. The vibration
acceleration oscillates up and down around the zero posi-
tion, as shown in Figure 10, and the positive acceleration is
significantly greater than the negative acceleration. The vi-
bration acceleration does not reach the zero for these three
sets when the excitation force reaches zero at 0.29 s for the
same reason with the dynamic deformation. Moreover, this
result indicates that the response of the dynamic de-
formation in accordance with the response of the vibration
acceleration by comparing Figures 9 and 10, which is af-
fected by the train excitation force. In the related standard, a
vibration acceleration of 220 mm/s” is the allowable value for
avoiding cracking for concrete structure, and 220 mm/s” is
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FIGure 9: Time history of dynamic deformation of the observation
point.

selected as the criterion in this study for avoiding further
development of cracks in concrete structure. Comparing to
the numerical results, the maximum vibration acceleration
297.85 mm/s” of set 3 in the vertical direction cannot meet
the requirement.

4.4. Maintenance Work and Strengthening Effect. Since the
train vibration loading, which is verified by numerical re-
sults, may cause further crack development, maintenance
work [17, 18] must be implemented to ensure the safety of
the damaged tunnel. Considering the cracking region and
aforementioned inducements of cracks, the detailed main-
tenance scheme can be summarized as (1) demolishing the
150 mm thick secondary lining from the hance to the ditch
cover, (2) reconstructing the secondary lining using
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FiGure 10: Time history of the acceleration of the observation point: (a) horizontal direction and (b) vertical direction.
TaBLE 3: Outputs of the field test.
Cross section of monitoring
M' (days) No. 1 No. 2 No. 3 No. 4
S? (ue) T° (°C) S (ue) T (°C) S (ue) T (°C) S (ue) T (°C)
0 3349 12.8 33503 12.8 3329 12.6 3323 13.2
13 3296 13.4 3299 14.6 3297 14.4 3283 14.4
28 3305 14.4 3303 14.2 3308 13.8 3305 15.1
41 3302 14.2 3273 14.3 3304 13.9 3310 15.3
72 3294 16.3 3249 16.3 3294 15.7 3301 16.8

"Monitoring time; *Strain; *Temperature.

reinforced concrete with single-layer reinforcing mesh and
backfilling to the original designed surface, (3) using em-
bedded steel bars in the new lining to maintain a connection
with surrounding concrete, and (4) setting mortar bolt with
1 m spacing in the axial direction for grouting to improve the
rock mass condition. To monitor the stability of the rebuilt
structure, a test has been applied in field. The strain of the
secondary lining [19] is obtained via an embedded strain
gauge, which has a measurement range of +1500 pe with
0.5% precision and 146 mm gauge length. Four embedded
strain gauges (Figure 3) have been installed in different cross
sections to monitor the rebuilt lining. Moreover, a com-
prehensive test instrument is applied for measuring and
recording data. The monitoring results of the concrete strain
show that the strain value is stable (Table 3), and the
maintenance work is effective so far, which implies that the
train dynamic load has less impact on the rebuilt lining.

5. Conclusions

This study discusses the effect of the vertical excitation force
due to CRH trains on a damaged adjacent tunnel and the
effect of the maintenance work. The following points are
outlined as the outcomes of this study:

(1) The vibration responding analysis of the surround-
ing rock-lining-vibration loading model is estab-
lished by considering the vertical excitation force of
the CRH train, which can effectively present the
effect of the dynamic load on the damaged tunnel.

(2) The vibration velocity, dynamic deformation, and
acceleration of the observation point of this damaged
tunnel in set 1 are basically higher than those in set 2
for the closer running track.

(3) In set 3, the vibration velocity of the secondary lining
is basically higher than those in set 1 and set 2. The
peaks in the horizontal and vertical directions in-
crease by approximately 90% and 31%, respectively,
which indicates that set 3 has the most adverse
working condition and the greatest effect on the
lining structure.

(4) Considering the allowable vibration peak velocity of
2.5mm/s, the CRH train must reduce speed when
running on the left track. Any two CRH trains should
avoid meeting in the cracked region, if possible.

(5) It is necessary to implement maintenance work in
the damaged tunnel to ensure tunnel stability. Re-
construction and anchoring have been proven as
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effective methods to reduce the impact of dynamic
load on the damaged tunnel.
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