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Abstract: The lining of operating high-speed-railway tunnels suffers from cracks, the peeling of
material, and other deteriorations and defects, all of which seriously affect driving safety. How-
ever, the trajectory of a falling block from the tunnel lining in a tunnel train wind environment
and its impact on driving safety are unknown. To study the movement of falling blocks under a
coupling effect of tunnel train wind and the local flow field of the falling blocks, a three-dimensional
gas–solid-coupling numerical calculation model of spalling blocks–train–tunnel–air was established
using FLUENT software The aerodynamic evolution mechanism governing the spalling blocks of
the lining was analyzed, and we found that the falling process of a spalling block is affected by the
coupling of its own characteristics and transient train wind. Train wind directly induced the horizontal
motion of falling blocks, generated curves and eddy currents, and changed the motion state of spalled
blocks. Furthermore, by comprehensively considering the motion trajectories of flaky and blocky blocks
at different positions, the impact of spalling blocks on driving safety was obtained. The dangerous area
of spalling blocks was approximately 5.5 m above the ground, which must be paid attention to. Our
results provide guidance for the operation and maintenance of high-speed-railway tunnels.

Keywords: spalling blocks; aerodynamic behavior; traffic safety; gas–solid-coupling model

1. Introduction

High-speed-railway tunnels are prone to various problems such as lining cracks and
falling blocks [1–3] owing to many factors such as a complex geological environment and
construction defects. Two main forms of tunnel lining spalling blocks are encountered:
cement mortar, flaky blocks located at the lining surface layer and blocky, concrete blocks
located at the construction joint or joint of the tunnel lining [4]. The main spalling position
is the vault, as shown in Figure 1. Under the repeated action of inducing factors such as the
vibration load of high-speed trains and aerodynamic pressure in the tunnel, lining blocks
may spall off during the train operation period, affecting driving safety (see Figure 1c). For
example, on 12 January 2016, lining blocks comprising the construction joint of the vault
associated with a tunnel in Pingshan in China spalled off (cement block size: length: 10 cm,
width: 5.5 cm, and thickness: 1.8 cm). This resulted in a train speed limit of 120 km/h and
affected the normal running of the train for more than 2 h [5].

Many studies have focused on the cause, mechanism, and crack propagation process
of lining fractures through analytical formulas [6–8], theoretical analyses [9–11], field
investigations [12,13], numerical simulations, and model tests [14]. However, the influence
of train aerodynamic factors remains unexplored. In addition, several studies have used the
real vehicle test [15,16], the model test [17], numerical simulations [18], and other methods.
These works considered the distribution characteristics of the train surface, tunnel wall,
train wind in the tunnel, and micropressure wave at the entrance of the tunnel. However,
each study focused on the single motion of the train, and the gas–solid-coupling motion
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of falling blocks under a train wind environment was overlooked. The driving safety
under different natural environments [19–21] and infrastructure [22–25], as well as the
safety of ancillary facilities in tunnels [26,27], under a train wind environment have been
investigated in various works. However, the influence of spalling and falling blocks of
high-speed-railway tunnel linings on driving safety has yet to be investigated.
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In this work, a three-dimensional gas–solid-coupling calculation model of spalling
blocks–train–tunnel–air was established on the basis of the basic theory of gas–solid in-
teraction and the numerical simulation software, FLUENT [28]. The characteristics of
the flow field structure change during the falling process of spalling blocks comprising a
tunnel lining were determined. Based on these characteristics, a coupling effect during
the falling process of spalling blocks under a train wind environment was analyzed, and
the aerodynamic evolution mechanism of the lining blocks was obtained. Spalling blocks
affected driving safety in different circumferential tunnel positions. Therefore, the influence
partitions of these blocks on driving safety were obtained, identifying key prevention areas
for spalling lining pieces in high-speed-railway tunnels.

2. Gas–Solid-Coupling Model of Spalling Blocks–Train–Tunnel–Air
2.1. Overview of Aerodynamic Coupling Model

A three-dimensional gas–solid-coupling calculation model of spalling blocks, a train,
a tunnel, and air was established on the basis of the finite element calculation software,
FLUENT. A flow chart of our calculation model is shown in Figure 2. In this model,
the process of a spalling block falling from the top of a tunnel lining and landing under
(or touching the body of) a train wind environment was synchronously simulated. The
train wind interacted with the block. The wind pressure on the surface of the block
under the action of the wind was obtained from the basic calculation formula of the wind
pressure theory. Combined with the aerodynamic pressure on the surface of the block, the
force (including force and moment) on the block was obtained in integral form. Motion
parameters such as acceleration, velocity, and displacement of the spalling block were
obtained using the rigid body dynamics equation.

2.2. Basic Theory of Gas–Solid Coupling

(1) Turbulence model

The modified out-of-body vortex turbulence model (DDES) that is based on the two
equations of SST k–ω was selected to simulate an unsteady, incompressible transient
flow field based on the basic equations of fluid mechanics. This turbulence model has
been widely used to simulate high-speed-train flow field structures [29–32]. According to
Menter [33], the equations governing SST k–ω are as follows:

∂ρk
∂t

+ ui
∂ρk
∂xi

=
∂

∂xj

[
Γk

∂k
∂xj

]
+ Gk − Yk (1)
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∂ρω

∂t
+ ui

∂ρkω

∂xi
=

∂

∂xj

[
Γω

∂ω

∂xj

]
+ Gω − Yω + Dω (2)

where k represents turbulent kinetic energy, w represents the turbulent kinetic energy
dissipation rate, Gω represents turbulent kinetic energy caused by a velocity gradient,
Γk and Γw represent the convection terms of k and ω, Yk and Yw represent the effective
diffusion terms of k and ω caused by turbulence, and Dw represents the cross-convection
term. Turbulent shear stress was considered a part of turbulent viscosity.
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Figure 2. Flow chart of gas–solid-coupling calculation simulation.

(2) Gas–solid-coupling interaction

The pressure on the lining surface under train wind is equal to the sum of the wind
pressure generated by the wind and the aerodynamic pressure (pressure wave) formed by
the compressed air of the train. This pressure is given as follows:

pj =
n

∑
1
(pvj + pwj) =

n

∑
1
(

1
2

ρvv j
2 + pwj) (3)

where j represents the number of blocks on the lining surface, 1, 2, · · · n; pj, pvj, and pwj
represent total pressure, wind pressure, and aerodynamic pressure, respectively, on the
surface of block j, newtons per square meter; and vvj represents the wind speed on the
lining surface, meters per second.

The external force acting on a spalling block’s center of mass and the external moment
around this point were obtained by integrating the compressive strength of the block
as follows: 

Fx = ∑n
1 pj cos(αj)sj

Fy = ∑n
1 pj cos(β j)sj − mρg

Fz = ∑n
1 pj cos(ϕj)sj

(4)


Mcx = ∑n

1 pj cos(αj)sjrcxj
Mcy = ∑n

1 pj cos(β j)sjrcyj
Mcz = ∑n

1 pj cos(ϕj)sjrczj

(5)

where sj represents the surface area of block j, square meters; αj, βj, and ϕj represent the
angle between the normal vector outside block j and the x, y, and z axes, respectively; rcij
represents the component of the distance from the surface center of block j to its center of
mass along direction i, i = x, y, and z, meters; g represents the acceleration due to gravity,
meters per second squared; Fi represents the external force along direction i, i = x, y, and z,
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newtons; and Mi represents the closing moment of the lining block around the centroid
axis in direction i, i = x, y, and z, newton-meters.

The acceleration of the center of mass and the angular acceleration of rotation around
the center of mass axis acted on by the train wind pressure and aerodynamic pressure on
the spalling block were obtained as follows:

acx = Fx
m = 1

m ∑n
1 (

1
2 ρvv j

2 + pwj) cos(αj)sj

acy =
Fy
m = ∑n

1 (
1
2 ρvv j

2 + pwj) cos(β j)sj − ρg
acz =

Fz
m = ∑n

1 (
1
2 ρvv j

2 + pwj) cos(ϕj)sj

(6)


θcx = Mcx

Icx
= 1

Icx
∑n

1 (
1
2 ρvv j

2 + pwj) cos(αj)sjrcxj

θcy = Mcx
Icy

= 1
Icy

∑n
1 (

1
2 ρvv j

2 + pwj) cos(β j)sjrcyj

θcz =
Mcx
Icz

= 1
Icz

∑n
1 (

1
2 ρvv j

2 + pwj) cos(ϕj)sjrczj

(7)

where m is the mass of the lining block, kilograms; aci is the translational acceleration of
the lining block’s center of mass, meters per second squared; Ici is the moment of inertia of
the lining block around the centroid axis, kilogram-square meters; and θci is the angular
acceleration of the lining block around the centroid axis, inverse seconds.

2.3. Gas–Solid-Coupling Calculation Model
2.3.1. Geometric Model

Figure 3 shows the overall geometric model of our numerical simulation calcula-
tion. The scale ratio of the model was 1:1. CRH3 was selected as the high-speed train
and eight train marshalling units were grouped (lead train with six middle trains and
a tail train); the total length was approximately 200 m. Components such as windows,
pantographs, and bogies were ignored, as shown in Figure 4. The 100 m2 high-speed-
railway single-hole and double-track standard tunnel was adopted for our tunnel model
(see Figure 5). In addition, the tunnel length was 500 m. The open areas at both ends
of the tunnel were cuboids, each with a length, width, and height of 300, 120, and 60 m,
respectively, as shown in Figure 3. According to findings from both literature and field
investigations [1–5], the spalling block of a tunnel lining is mainly a sheet cement mortar
structure, and the geometric shape is mostly irregular. To facilitate the establishment of the
model and the subsequent meshing, the spalling blocks were assumed to be regular and
homogeneous geometric rigid bodies. We selected a cuboid (length: 20 cm, width: 20 cm,
thickness: 0.5 cm, and density: approximately 2000 kg/m3 (based on cement mortar)) as the
research object.
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2.3.2. Grid Model

In this work, the method of combining a structured, hexahedral static grid and an
unstructured, tetrahedral dynamic grid was adopted. This combination allowed the active
train movement and the passive motion of falling blocks to be (relatively) synchronically
realized. In addition, it reduced the number of grids and improved computational efficiency.

The mesh sizes of the head and tail surfaces of the high-speed train were each ap-
proximately 0.1 m. The mesh size of the body area surface was approximately 0.2 m, and
the mesh size of a spalling block was 0.005 m. Moreover, the maximum size of the tunnel
wall was approximately 1.0 m. In addition, a corresponding dense boundary layer was
set on the surfaces of the high-speed train and the spalling block. The initial thickness
of the grid was h0 = 1 mm, and the corresponding y+ value was approximately 30 [34].
The outward expansion ratio was 1.2, and the number of layers was six. The overall grid
quantity of the model was approximately 20 million, and the minimum mass of the grid
was approximately 0.2, which met the requirement of calculation accuracy. A model grid is
shown in Figure 6.
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2.3.3. Boundary Conditions and Solution Settings

The numerical calculation model in this work employed four types of boundary
conditions, namely, wall, interface, pressure inlet, and pressure outlet, as shown in Figure 3.
The surfaces of the high-speed train and the spalling block, the tunnel wall, and the ground
were all set as the wall boundary without slip. The roughness thickness of the spalling
block was Ks = 0.005 m and the roughness length was Cs = 0.8. The interface of the dynamic
and static meshes was set as the interface boundary condition. Furthermore, the open area
at the tunnel entrance where the initial high-speed train was located was set as the pressure
inlet, and the open area at the tunnel exit was set as the pressure outlet. The operating
pressure was standard atmospheric pressure.

The discrete mode of the governing equation was the Finite Volume Method (FVM).
Moreover, a pressure-based, unsteady, and incompressible solver was used, and the coupled
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equation of pressure and velocity was solved on the basis of the SIMPLE algorithm. An
implicit equation with second-order accuracy was used for time, and the physical time step
was set at 0.001 s [35]. Each time step was iterated 30 times, and the minimum convergence
value was 10−3 [36].

2.3.4. Calculation Conditions

The cross section of the tunnel was set as seven spalling blocks at different spalling
positions. The length, width, and height of the slicing blocks were 20, 20, and 0.5 cm,
respectively, and the density was 2000 kg/m3. Spalling block 1 and block 3 were located
directly above both sides of the train, and block 2 was located on the middle line of the line
(directly above the center of the train). In addition, blocks 4, 5, 6, and 7 were located on the
tunnel wall on the upper right, and the vertical distance between adjacent blocks was 1 m.
The number and position of the spalling blocks are shown in Figure 7.
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Wang [37] studied the distribution characteristics and laws of wind pressure in the
different parts of a high-speed train (lead, middle, and rear carriage) when passing through
a tunnel. The results showed that when the head of the train passes, the pressure mutation
rate is the largest, which is the situation that is most likely to cause a block to fall. Thus,
considering the most dangerous situation, all the working conditions in this study were
based on the assumption that when the head of the train passed just above the spalling
block, the block began to fall off the lining.

2.4. Model Reliability Verification
2.4.1. Checking of Grid Independence

To verify the independence of model meshes, models with different grid sizes were
established. The total number of grids was 10 million (coarse), 20 million (medium), and
40 million (fine). The final lateral z-displacement of the falling block, which was directly
above the train, was taken as the final evaluating index. The final z-direction displacement
values corresponding to the coarse, medium, and fine meshes were −0.16, −0.21, and
−0.22 m, respectively. The results indicated that the final z-displacement was completely
convergent when the total number of mesh elements was 20–40 million. Thus, 20 million
grids were selected in this study for more-efficient computation.

2.4.2. Verification of the Free-Fall Model

The accuracy of the passive falling motion of the falling block was verified using a
0.05 m cube spalling block. The tracked time history curve of the falling block is shown
in Figure 8. As shown in the figure, the actual vertical displacement of the block was
almost identical to the theoretical value. Furthermore, the relative error of displacement
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and velocity was <5%, indicating that our numerical calculation model accurately realized
the free-falling movement of the spalling block.
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2.4.3. Turbulence Model Verification

To verify the rationality and accuracy of the turbulence model and the parameter
settings of the model, our numerical calculation results were compared with the dynamic
model test results reported by Zhang [17]. On the basis of the dynamic model test, the
numerical model was established at 1:1 to ensure that the model conditions were exactly
the same. The overall scale ratio of the model was 1:20. The high-speed train, CRH3
(length: 2.59 m, height: 0.19 m, and width: 0.16 m), which has two marshalling units, was
adopted. The tunnel model was 50 m long and the section area was 0.25 m2. The blocking
ratio was 0.116, and the line spacing was 0.25 m. Wall pressure monitoring points 1 and
2 were arranged at cross-sectional positions of 3.25 and 25 m away from the tunnel entrance,
respectively. Each point was located 0.095 m above the track. The numerical simulation
calculation results and the model test results are compared in Figure 9 and Table 1.
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Table 1. Comparison of the maximum values obtained from the numerical simulation and model test
results.

Peak Pressure
Fluctuation

Monitoring Point 1 Monitoring Point 2

Model Test
/Pa

Numerical Simulation
/Pa

Relative Error
/%

Model Test
/Pa

Numerical Simulation
/Pa

Relative Error
/%

Maximum 1809 1744 3.6 1631 1753 7.4
Minimum −2011 −1914 4.9 −2251 −2225 1.2
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As shown in Figure 9 and Table 1, the pressure time history curve obtained from our
numerical simulation of monitoring points 1 and 2 concurred with the dynamic model test
results. In addition, the waveform trend and peak were basically the same. The maximum
relative error of the pressure at the monitoring point on the tunnel wall was 7.4%, and
the minimum relative error was 4.9%. The reliability of the simulation was high, and
the selection of the turbulence model and the setting of related parameters of the model
were reasonable.

3. Aerodynamic Evolution Mechanism of a Spalling Block under Train Wind Environment
3.1. Aerodynamic Behavior

To visually observe the movement of falling blocks under the influence of a train’s
motion, the trajectory of a falling block is shown in Figure 10 using a time interval of 0.25 s.
The spalling block exhibited a typical three-dimensional rigid body motion, including
translation and rotation.
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Figure 10. Curve showing falling trajectory of a spalling block. (a) cross section; (b) longitudinal section.

To further quantify the three-dimensional motion of the spalling block, the block’s
motion data at each moment were extracted; time history curves of block translation and
rotation are shown in Figures 11 and 12, respectively. Translation occurred mainly along the
longitudinal movement of the train, and rotation occurred mainly around the horizontal
axis. In the absence of train wind, the block fell via vertical particle motion. The block
underwent a displacement of 2.861 and 0.127 m in the x (longitudinal)- and z (transverse)-
directions, respectively. The flaky lining block was flipped around the z-axis (horizontal
axis), and the maximum flipping angle was approximately 135◦. However, in the absence
of wind, the maximum movement distance of the flaky spalling block along the x- and
z-directions was only 0.005 m, and the falling rotation angle was ≤2◦.

3.2. Aerodynamic Evolution Mechanism

To study the aerodynamic evolution mechanism, we analyzed the local flow field
structure of the block and the flow field structure inside the tunnel. Therefore, the local and
overall flow field structures at 0.25, 0.5, and 0.75 s during the falling of a lining block were
extracted, as shown in Figures 13 and 14.
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Figure 11. Time history curve obtained for the falling displacement of a spalling block. (a) X-direction.
(b) Y-direction. (c) Z-direction.
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Figure 12. Time history curve obtained for the falling rotation angle of a flaky spalling block. (a) With
train wind. (b) Without train wind.
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Figure 13. Three-dimensional flow field structure diagrams of a flaky spalling block. (a1) flow field
structures at 0.25 s; (a2) flow field structures at 0.5 s; (a3) flow field structures at 0.75 s.

According to Figures 13 and 14, we concluded the following:

(1) In the falling process of the flaky spalling block, the train wind pressure played a
considerably greater role than the aerodynamic static pressure in the tunnel. The
uneven train wind pressure on the relative surface of the spalling block promoted the
translation and rotation of the lining block.

(2) The falling process of the flaky spalling block was affected by the coupling effect of
the block (geometric size and heavy weight) and transient train wind. The train wind
acted directly on the block and gradually pushed the movement of the block, resulting
in circumfluence, vortex, and other phenomena that further changed its motion state.
The changed motion state of the spalling block affected the driving effect of the train
wind on the lining block, surrounding flow, and vortex structure.

(3) The main movement direction of the spalling block was opposite the direction of
train movement due to the influence of the wind field structure associated with the
train. For the body surrounding the flow field structure from the front to the rear, the
longitudinal flow velocity (the direction of train movement) was larger than the other
velocity. The flow field directly drove the falling-backward movement of the spalling
block along the flow field structure. In addition, the block and streamline were charac-
terized by different time-dependent angles and intensities of flow; hence, an uneven
force was exerted on the spalling block’s surface. Therefore, a moment that induced
rotation around the horizontal axis (z-axis, perpendicular to the train) was generated,
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and the block rotated around this axis. The lateral flow velocity was relatively small
and had a weak promoting effect on the lateral horizontal movement of the block.
The significant vortex phenomenon around the block reduced the unevenness of the
force associated with the block, and the rotation around the longitudinal axis was
negligible. The vertical velocity was smaller than the lateral flow velocity and had no
significant effect on the falling motion of the falling lining block; the spalling block
was affected more by air resistance.
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4. Traffic Safety Partition for Spalling Block

To obtain the safety partitions of the tunnel, we investigated the movement trajec-
tories of dropped blocks at different positions. Therefore, we qualitatively analyzed the
trajectories of dropping lining blocks at different positions and their impact on driving
safety. Then, we used the modelling method in this paper to calculate the quantitative
safety partitions of flaky and blocky blocks. Finally, we analyzed the influence of different
shapes of blocks on driving safety.

4.1. Trajectories of Spalling Blocks at Different Positions

To consider the motion trajectories of blocks at different positions, all of the working
conditions in Figure 7 were calculated, and the motion trajectories in Figure 15 and Table 2
were obtained. Figure 15 shows the falling displacement trajectory of a spalling block at
different spalling positions. Table 2 shows the displacement statistics obtained for blocks
along the x- and z-directions when each block fell to a height of 3 m.

According to Figure 15 and Table 2, the transverse movement of a spalling block was
controlled by the flow field structure of the cross section. The spalling blocks of the vaulted
and arching waist moved toward the center direction of the tunnel (close to the train). In
addition, the spalling blocks of the side wall moved toward the arched foot of the tunnel
(away from the train), as shown in Figure 16. The train wind had a significant attraction
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effect on the spalling blocks (blocks 4 and 5) of the tunnel’s arched waist. The transverse
movement (0.6 m toward the train direction) was 2–3 times the transverse movement
displacement of the spalling blocks (blocks 1, 2, and 3) of the arched roof.
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Spalling block 1 of the tunnel vault passed around the vehicle body without collision
with the train; spalling blocks 2 and 3 peeled off from the tunnel vault and collided directly
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with the top of the carriage, thereby endangering driving safety. In addition, spalling block
4 peeled off from the arched waist of the tunnel and collided with the side of the carriage
due to the attraction of the train wind; spalling block 5 moved toward the vehicle body
under the attraction of the wind and fell to the edge of the maintenance track. Moreover,
blocks 6 and 7, which peeled off the side wall of the tunnel, moved away from the vehicle
body and fell to the arched foot of the tunnel, thereby having no impact on driving safety.
Spalling blocks that peel off at the circumferential position of the tunnel between blocks 4
and 5 may be drawn into the vehicle rail, thereby posing a threat to driving safety.

4.2. Driving Safety Partitions of Flaky Block

Different spalling positions have different effects on driving safety; therefore, the
falling blocks of the tunnel lining were divided into three categories, namely, dangerous
blocks, risk blocks, and safety blocks. The spalling blocks that spalled off from the danger
zone collided directly with the train body and had a significant effect on driving safety. The
spalling blocks that spalled off from the risk zone fell in the area between the train body
and the outer edge of the overhaul road and were potentially caught in the wheel and rail,
thereby posing a risk to driving safety. However, the blocks that spalled off from the safety
zone underwent no train collisions and had no effect on driving safety.

According to the aforementioned risk classification principles, by setting up a variety
of different position working conditions, the risk of different blocks was calculated to
obtain the driving safety zone. The safety zone of the flaky block (0.2 × 0.2 × 0.05 m) is
shown in Figure 17, where AB is the danger zone, BC is the risk zone, and CD is the safety
zone. Taking the tunnel ground center as the origin of the coordinates, the coordinates of
points A, B, C, and D were (0.90 m, 9.02 m), (5.45 m, 6.24 m), (5.90 m, 5.50 m), and (6.30 m,
0.30 m), respectively.
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4.3. Driving Safety Partitions of Blocky Block

The blocky spalling block was weakly affected by the train wind during the falling
process. The vertical movement was the main movement, and almost no movement
occurred in the vertical and horizontal directions. For example, the length, width, and
height of the spalling block were 0.2 m, 0.2 m, and 2 cm, respectively, and the density was
2000 kg/m3. In addition, the final longitudinal and transverse movement displacement
levels of the lining block were −0.19 and −0.01 m.

The impact partitions of the blocky spalling block on driving safety are shown in
Figure 18. The partitions consisted of two areas, namely, the danger zone (section AB)
and the safety zone (section BC). The influence of train wind on the block was weak, and
without dangerous behavior involving the lining block falling into the wheel and rail,
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no risk zone was observed. Taking the ground center of the tunnel as the origin of the
coordinates, the coordinates of points A, B, and C were (0.70 m, 9.04 m), (4.30 m, 7.50 m),
and (6.30 m, 0.30 m), respectively.
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4.4. Differences between Flaky and Blocky Blocks on Driving Safety

The dangerous-area influence of flaky spalling blocks on driving safety was larger
than that of blocky spalling blocks under the same conditions. In addition, the size of the
dangerous area (including the danger zone and the risk zone) increased by approximately
60%. The danger zone of a flaky block was approximately 31.0% larger than that of a
blocky block. Furthermore, the risk zone (approximately 0.87 m) increased the impact on
driving safety.

The larger risk zone of a flaky spalling block compared with that of a blocky spalling
block resulted from the fact that the falling flaky lining blocks of the tunnel’s arched waist
were attracted to the lateral train wind and moved to the vehicle body and collided with the
side of the body, thereby affecting driver safety. Therefore, the lower critical point (point B)
of the danger zone associated with this block moved down by approximately 1.26 m along
the tunnel ring. The upper critical point (point A) of the danger zone occurring for a falling
flaky lining block was similar to that of a falling blocky block. Moreover, the upper critical
point of the falling flaky and blocky lining blocks moved down by approximately 0.2 m
along the tunnel ring under the influence of train wind.

5. Conclusions and Outlook

(1) A three-dimensional gas–solid-coupling calculation model of spalling blocks, a train, a
tunnel, and air was established on the basis of the basic theory of gas–solid interaction
and the numerical simulation software, FLUENT. The transient coupling between a
spalling block of a tunnel lining and turbulent train wind, as well as the numerical
simulation of the entire falling process, were realized. The simulation results were
consistent with the test results.

(2) The aerodynamic evolution mechanism governing the falling motion of a flaky
spalling block associated with a high-speed-railway tunnel lining operated as follows:
The falling process of the block was affected by the transient coupling of its char-
acteristics and the transient train wind. The train wind acted directly on the block,
leading to horizontal movement of the block and consequent phenomena such as
circumfluence and vortex that further changed the motion state of the block. Due to
its changed motion state, the spalling block affected the flow field structure.

(3) The impact of train wind was more significant for a flaky spalling block than for a
blocky spalling block. The spalling blocks that peeled off the tunnel vault risked
colliding directly with the train and had a considerable effect on driving safety. The
falling lining blocks that peeled off the tunnel’s arched waist were attracted to the
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train wind and risked colliding with the side of the vehicle body or becoming involved
with the wheel and rail, thereby affecting driving safety. The falling lining blocks that
peeled off the tunnel side wall were repelled by the wind of the train and moved away
from the vehicle body; hence, they had no effect on driving safety.

(4) The impact partitions of the flaky blocks on driving safety were divided into three
areas along the circular direction of the tunnel lining: dangerous zone, risk zone,
and safety zone. The dangerous areas of flaky and blocky blocks were 5.5 and 7.5 m
above the ground in the vault area, respectively, indicating that flaky blocks are more
dangerous. Thus, during the operation of a tunnel, attention should be paid to the
maintenance of the weak area above 5.5 m above the ground to ensure driving safety.

Although conclusions about safety zone were drawn based on a specific case, the
research method adopted in this study may open a path for the further optimization of
safety partitions in train tunnels. To obtain a comprehensive safe driving zone, we must
consider the different densities, shapes, and sizes of lining blocks along with vehicle speeds
and other factors. Such requirements were not part of the contents presented and should
be a part of future work.
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