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Abstract: A train–tunnel–surrounding rock numerical model was established by using ABAQUS to
analyze the dynamic response of a heavy-haul railway tunnel in hard rock, quantify the influence of
the train axle load on the tunnel dynamic response and determine its potential vulnerable position.
The results suggested that: Under the 30 t train load and surrounding rock pressure coupling, the
maximum principal stress caused by rock pressure was 1.27 MPa, located at the bottom of the
structure below the side drain; the maximum dynamic response of the tunnel structure and base
rock was located directly below the rail. The lower part of the side drain and rail was the vulnerable
position in the tunnel bottom structure, and the probability of base disease under the rail may be
higher than that in soft-rock tunnels, for it has a greater dynamic response and thinner structure
compared to a soft-rock tunnel. The maximum principal stress amplitude of the tunnel structure and
base rock were 129.3 kPa and 43.0 kPa, respectively. When the axle load increased by 1 t, the dynamic
amplitude of the structure’s maximum principal stress increased by about 4.14 kPa, and the base
rock’s maximum principal stress increased by about 1.33 kPa. The rock pressure was not negligible in
the dynamic analysis of the railway tunnel, and the dynamic response of the tunnel bottom structure
and base rock will decrease, obviously, when the rock pressure is ignored.

Keywords: dynamic response; heavy haul; railway tunnel; bottom structure

1. Introduction

A heavy-haul railway has the remarkable advantages of large traffic volume, low cost
and high efficiency; thus, countries all over the world are competing to increase the axle
load of freight railways [1,2]. However, the tunnel bottom structure is no longer capable
of dealing with the long term impact of heavy-haul trains, as base diseases increase with
the increase in axle load [3]. High traffic density, short maintenance intervals and limited
working space are the distinguishing features of heavy-haul railway tunnels in China.
After decades of operation, tunnel-base diseases are increasing over time in the Daqin
heavy-haul railway (445 million tons in 2013 [2]), such as structure cracks, subsidence and
soil pumping. Serious foundation subsidence and base rock voids have also been found
in the Shuohuang [4] and Wari [5] heavy-haul railways, two other famous heavy-haul
railways in China. Most base deterioration is appearing on the side of the full-load track [6],
which aggravates the rail irregularity and threatens the safety of the train operations [7,8].

Thus, the study of the dynamic response of the tunnel structure under the heavy-haul
train load is essential, especially the heavy-haul railway tunnel with a heavy axle load,
high train density and thin and vulnerable base structure [9]. In general, the thickness
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and strength of the tunnel structure are dominated by the surrounding rock. The better
the surrounding rock, the smaller the surrounding rock pressure, and the corresponding
structural thickness of the tunnel will be designed thinner [10,11]. Generally, scholars
believe that the worse the surrounding rock conditions are, the higher the possibility of
basement diseases in the tunnel [12]. However, according to the survey results after decades
of operation, base diseases occur not only in soft rock areas [13], but also in hard rock [14].

Compared with the seismic response [15–17], the dynamic response of tunnel struc-
tures caused by trains is much smaller [18–20]. Although, due to the constraint of the
surrounding rock, the seismic performance of the tunnel structure is better than that of the
ground structure in seismic areas [21–23], the seismic response will still cause immediate
and significant damage or deformation to the tunnel structure [24,25]. In addition, the
vibration of the tunnel structure caused by the train is often small and frequent; thus, the
degradation of the tunnel bottom structure is gradual rather than immediate [19,26]. Nev-
ertheless, progressive degradation of the base is emerging in more and more heavy-haul
railway tunnels as the axle load of the trains increases [27–29]. The field measurement of
the Sanjiacun Tunnel in the Shuohuang railway system shows that, under the 21 t axle-load
train, the vertical dynamic stress on the bottom surface is 61.6 kPa, and the maximum value
of dynamic response is directly below the rail, on the side close to the center line of the
tunnel [4]. Not only do the axle load and surrounding rock conditions have a significant
impact on the dynamic response of the tunnel basement structure [30,31], but the influence
of the base support conditions also cannot be ignored. Through numerical simulations and
tests, Liu C et al. [32] indicate that the cavity in the base rock performs multiple adverse
effects on the mechanical performance of the substructure. Xue [33] found that the loose
base rock will cause the maximum principal stress of a tunnel’s inverted arch to increase
sharply. Zhang et al. [34] stated that the base void increased the tunnel bottom structure’s
dynamic response significantly. Dong J. et al. [35] studied the dynamic response of crossing
tunnels under a heavy-haul train load, and the results revealed that the vibration of the
intersection is more significant than the vibration of the common section because of the
presence of the lower tunnel (like a void).

The research on the dynamic response of tunnels is mainly focused on tunnel bottom
structures with poor surrounding rock [13,31,36]. Although base defects occur more and
more frequently in hard-rock tunnels, the dynamic and degradation analysis of hard-
rock tunnels is still lacking. In addition, the influence of the surrounding rock pressure
and train load on the mechanical characteristics of the tunnel bottom needs to be further
distinguished. With base diseases emerging, it is necessary to analyze the dynamic response
characteristics of tunnels under the heavy-haul train load and surrounding rock pressure
coupling, and to quantify the influence of the train axle load on the tunnel dynamic response
and determine its potential vulnerable position to reduce the probability of tunnel-base
diseases and provide an important reference for lifting the axle load of heavy-haul railways.

2. Mechanical Characteristics of the Heavy-Haul Railway Tunnel Base
2.1. Engineering Background

Daqin Railway is the most famous heavy-haul railway in China, as it is the world
champion with a freight volume average of 440 million tons each year from 2013 to 2019,
and a total volume of 572 million tons each year when including the train volume [2]. The
common axle load in Daqin Railway is 27 t, with a maximum axle load of 30 t.

The tunnel, by reference, is in grade III surrounding rock (351 ≤ BQ ≤ 450, Grade I
is the best, grade VI is the worst); its typical section diagram is shown in Figure 1. The
tunnel is 900 cm high and 1030 cm wide, and it is a single-layer concrete lining structure
with a vertical wall and baseboard (bottom structure). The vault and side wall are C15
plain concrete structures that are 50~70 cm thick; the tunnel bottom is C10 plain concrete,
10 cm thick.
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Figure 1. Section structure of the heavy-haul railway tunnel in grade III surrounding rock (cm).

2.2. Numerical Model

Based on Figure 1, a train–tunnel–surrounding rock model was established by using the
finite element modeling (FEM) software ABAQUS (Dassault Simulia, Providence, RI, USA).
The model size was 100 m × 100 m × 30 m (width × height × thickness). The shallow
buried tunnels are more difficult to form a ground arch in than deep buried tunnels [37–39];
thus, the depth between the tunnel vault and ground surface was set to 15 m [36]. The
system anchor bolt was ignored according to the design.

The elastic material was adopted to simulate the tunnel lining, sleeper, rail and the
whole train. In addition, the surrounding rock and ballast were a Mohr–Coulomb elasto-
plastic material [19,35]; these parts were simulated using C3D8R solid elements in the
numerical model. The train–tunnel–surrounding rock model and its mesh are presented in
Figure 2; there are 239,490 elements for this mesh.
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Figure 2. Numerical model of train–track–tunnel coupling system: (a) model size; (b) boundary con-
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bogie between the two adjacent wagons was 4.175 m, as shown in Figure 3. 

Figure 2. Numerical model of train–track–tunnel coupling system: (a) model size; (b) boundary
conditions; (c) structure of the model; and (d) mesh of numerical model.

The viscoelastic boundary was adopted to eliminate the boundary effect [40–43]. The
normal stiffness of the bottom boundary was 2.2 × 107 N/m and normal damping was
2.7 × 106 kg·m−2·s−1. The normal stiffness of both side boundaries was 1.1 × 107 N/m
and the shear damping was 1.4 × 106 kg·m−2·s−1.

The relationships between the soil–tunnel, tunnel–ballast bed and sleeper–ballast bed
were all simulated by surface–surface contact, and the friction coefficients were 0.5, 0.4 and
0.33, respectively. The rigid constraints were adopted to define the relationship between
the wagon-bogie and bogie-wheel.

The train speed was 72 km/h, and the train ran in the tunnel for 400 increments,
0.00375 s per increment, 1.5 s in total.
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2.3. Train Parameters

The train axle load was 30 t, the total weight of the full-load train was 118.56 t, the
center distance of the bogie in the same wagon was 8.2 m and the center distance of the
bogie between the two adjacent wagons was 4.175 m, as shown in Figure 3.
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Figure 4. Parameters of 30 t axle-load train. (a) Train composition; (b) Train mesh.

The total weights of the 25 t, 27 t, 33 t and 35 t axle-load trains were 99 t, 108 t, 132 t
and 140 t, respectively, and their train size was selected with reference to the 30 t axle-load
train, as shown in Figure 3.

Surface-to-surface contact was adopted to simulate the relationship between wheel
and rail. The master surface of the wheel–rail contact was located at the bottom of the
wheel, and its slave surface was located at the top of the rail, as shown in Figure 5.

Appl. Sci. 2022, 12, 5721 5 of 19 
 

 
Figure 3. Parameters of 30 t axle-load train. 

The train is composed of a carriage and a bogie and wheel set, as shown in Figure 4. 

 
 

(a) (b) 

Figure 4. Parameters of 30 t axle-load train. (a) Train composition; (b) Train mesh. 

The total weights of the 25 t, 27 t, 33 t and 35 t axle-load trains were 99 t, 108 t, 132 t 
and 140 t, respectively, and their train size was selected with reference to the 30 t axle-
load train, as shown in Figure 3. 

Surface-to-surface contact was adopted to simulate the relationship between wheel 
and rail. The master surface of the wheel–rail contact was located at the bottom of the 
wheel, and its slave surface was located at the top of the rail, as shown in Figure 5. 

 
Figure 5. Wheel–rail contact. 

When the train wheels are running on the track, the weight of the wagon will cause 
the vertical deformation of the rail, and the different weight (axle load) of the wagon will 
produce a different vertical deformation. According to the Hertz nonlinear elastic contact 
theory [44,45], the normal force between the wheel and the track can be obtained as shown 
in Equation (1): 

Figure 5. Wheel–rail contact.



Appl. Sci. 2022, 12, 5721 6 of 19

When the train wheels are running on the track, the weight of the wagon will cause
the vertical deformation of the rail, and the different weight (axle load) of the wagon will
produce a different vertical deformation. According to the Hertz nonlinear elastic contact
theory [44,45], the normal force between the wheel and the track can be obtained as shown
in Equation (1):

PN(t) =
[

1
G

δN(t)
]3/2

(1)

where PN(t) is the wheel/rail normal force (N), δN(t) is the normal elastic compression of
the wheel/rail contact point, t is the running time of the model, G is the constant for the
wheel/rail contact, LM is the wear type tread G = 3.86 R−0.115 × 10−8 (m/N2/3) and R is
the wheel rolling radius (m); in this paper it was 0.4575 m.

The parameters of the primary suspension located between the bogie and wheelset,
the secondary suspension located between the bogie and wagon and the contact of the
suspension and rail–sleeper [31,46], as shown in Figure 6, are provided in Table 1.
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Table 1. Spring stiffness and damping parameters of the 30 t axle–load train.

Position
Stiffness Coefficient (MN/m) Damping (kN·s/m)

kx ky kz cz

Primary suspension 6.0 10.0 35.0 5.0
Secondary suspension 5.3 5.3 6.6 5.0

Rail–Sleeper 30.0 100.0 30.0 35.0

2.4. Mechanical Parameters

Referring to the Chinese standard [47], the model parameters are listed in Table 2.

Table 2. Mechanical parameters.

Material Density
(ρ/kg/m3)

Elastic Modulus
E (GPa)

Poisson Ratio
µ

Tensile Strength
ft (MPa)

Compressive Strength
fc (MPa)

Lining (C15) 26 3.5 0.2 1.27 10.0
Tunnel base (C10) 24 3.15 0.2 1.02 6.70

Sleeper (C50) 27.5 33.5 0.2 1.78 16.7
Rail and train 78 210 0.3 210 210

Material Density
(ρ/kg/m3)

Elastic Modulus
E (GPa)

Poisson Ratio
µ

Cohesion
c (kPa)

Internal Friction Angle
φ (◦)

Surrounding rock 21.0 1.5 0.29 200 30
Ballast bed 20 0.18 0.35 15 18
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2.5. Feature Points and Feature Lines

In Figure 7, four feature lines were arranged to obtain the dynamic–response distribu-
tion of the bottom structure and rock, which was located 3 m away from the tunnel portal.
The feature line of the rock bottom was 20 cm lower than the feature line of the rock top.
The feature point was located at a specific point on the feature line and four feature points
were arranged under rail 3 (which means the 3rd rail from the left), because the maximum
dynamic response appears directly below the rail [48]. P3t means the feature point was
right below rail 3, and located at the feature line that was at the top of the tunnel bottom
structure (shortened to structure top). R3b means the feature point was right below rail 3,
and located at the bottom of the base rock (shortened to rock bottom). Two feature points
were arranged under side drain 2.
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2.6. Model Verification

To verify the accuracy of the numerical simulation model, the field–measured dynamic
response was selected to compare with the numerical results. The measured value came
from the Sanjiacun Tunnel of the Shuohuang heavy-haul railway [7]. The data measured
the vertical dynamic stress of the tunnel basement structure in grade III surrounding rock,
under the action of a 25 t axle–load train. Therefore, the vertical dynamic response of the
numerical simulation model was selected for comparison under the same conditions: a 25 t
axle load and grade III surrounding rock, as shown in Figure 8.
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The maximum simulated and measured vertical dynamic stresses of the train were
99.83 kPa and 97.17 kPa, respectively, which were located below rail 3. The simulated
value was very close to the measured value, and the deviation was 2.7%, indicating that
the numerical model and parameters selected were reasonable.

3. Dynamic Response under Train Load Only

Compared with the stress caused by the surrounding rock, the dynamic response
caused by the train is much smaller. Therefore, it is necessary to ignore the surrounding
rock pressure to reveal the dynamic response distribution characteristics of the tunnel
bottom structure and surrounding rock caused by the train load alone.

The concrete and surrounding rock are all brittle materials in this paper; the failure of
brittle materials can be judged by the maximum principal stress and the minimum principal
stress. Thus, in the numerical simulation, the principal stress was selected to analyze the
dynamic response of tunnel bottom structures and the base rock.

The vertical dynamic stress can be obtained directly by testing, as it is usually adopted
to express the dynamic response of the bottom structure. The vertical dynamic stress is less
than the amplitude of the minimum principal stress.

3.1. Maximum Principal Stress

When the 30 t axle–load train passed (at 4.5 s), as the maximum principal stress
distribution of the tunnel bottom structures and base rock shows in Figure 9, four groups of
wheel marks appears in the tunnel bottom structure and surrounding rock. The maximum
value of the principal stress in the bottom structure was located directly below rail 2
and rail 3, and the maximum value of principal stress in the base rock appeared at the
side drain.
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Figure 9. Maximum principal stress contour: (a) tunnel bottom structures; (b) base rock.

When the pair of train wheels passed above the four feature lines, the horizontal
distribution of the maximum principal stress is shown in Figure 10a. The maximum value
of the principal stress was located directly below rail 2 and rail 3, the structure’s maximum
value appeared at its bottom surface (feature point P3b) and the rock’s maximum value
appeared at its top surface.
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Figure 10. Maximum principal stress characteristics: (a) horizontal distribution; (b) time–history curve.

In Figure 10b, the time–history curve reveals that when a train passed through the
tunnel, two types of dynamic impacts occurred: the first and last wheel sets of the train
were separate wheel−set impacts, whereas all carriages in the middle were impacted by
bogies (two sets of adjacent wheel sets). In the tunnel structure, point P3b had the largest
amplitude of maximum principal stress, with a value of 106.5 kPa. In the base rock, point
RDt had the largest amplitude of maximum principal stress, with a value of 27.5 kPa.

3.2. Minimum Principal Stress

When the 30 t axle−load train passed (at 4.5 s), four groups of wheel marks appeared
in the minimum principal stress contour of the tunnel bottom structure and surrounding
rock, as shown in Figure 11.
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Figure 11. Minimum principal stress contour: (a) tunnel bottom structures; (b) base rock.

The minimum value of the principal stress in the bottom structure was located directly
below the rail. The four feature lines were selected to reflect the characteristics of the
minimum principal stress, as shown in Figure 12. The structure’s minimum value of
principal stress appeared at its top surface (feature point P3b), located directly below rail 2
and rail 3. The rock’s minimum value of principal stress appeared at its top surface, located
directly below rail 1 and rail 4.
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Figure 12. Minimum principal stress characteristics: (a) horizontal distribution; (b) time–history curve.

In Figure 12b, point P3t had the largest amplitude of minimum principal stress, with
an amplitude of 233.7 kPa. In the base rock, point R3t ’s minimum value of principal stress
was −99.6 kPa.

3.3. Vertical Displacement

Under the action of the 30 t axle load train, the vertical displacement contours of the
tunnel bottom structure and surrounding rock are shown in Figure 13.
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Figure 13. Vertical displacement contour: (a) tunnel bottom structures; (b) base rock.

The maximum vertical displacement appeared right below the wheel. At the interface
between the tunnel bottom and surrounding rock, the vertical-displacement distribution
characteristics of the two were similar, and the vertical displacement was also very close.
The vertical displacement of the top was higher than the bottom, both in the tunnel bottom
structure and base rock, shown in Figure 14a.
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Figure 14. Vertical displacement characteristics: (a) horizontal distribution; (b) time–history curve.

In Figure 14b, point P3t had the largest amplitude of vertical displacement, with
an amplitude of 0.33 mm. In the base rock, point R3t ‘s maximum value of vertical
displacement was 0.36 mm.

4. Dynamic Response under Surrounding Rock Pressure and Train Load
4.1. Maximum Principal Stress of Tunnel Structure

Under the action of the surrounding rock pressure and train-load coupling, there were
no wheel marks in the tunnel’s maximum principal stress contour because the static stress
caused by rock pressure was much higher than the dynamic response caused by train load,
as shown in Figure 15.

Appl. Sci. 2022, 12, 5721 11 of 19 
 

-4 -2 0 2 4-0.4

-0.2

0.0 Wheel

Rail 1

 Top  Bottom (Structure)
 Top  Bottom (Rock)

U
2,

m
ax

 /m
m

Distance apart from tunnel center/m

Tunnel center

Rail 3

Side drain 2

 
0.0 0.5 1.0 1.5

-0.4

-0.2

0.0

 P3t   P3b (Structure)  
 R3t   R3b (Rock)

U
2 /m

m

Time/s

Wagon Wagon

 
(a) (b) 

Figure 14. Vertical displacement characteristics: (a) horizontal distribution; (b) time–history curve. 

4. Dynamic Response under Surrounding Rock Pressure and Train Load 
4.1. Maximum Principal Stress of Tunnel Structure 

Under the action of the surrounding rock pressure and train-load coupling, there 
were no wheel marks in the tunnel’s maximum principal stress contour because the static 
stress caused by rock pressure was much higher than the dynamic response caused by 
train load, as shown in Figure 15. 

The tunnel structure was in a high-static and low-dynamic stress state with a maxi-
mum value of principal stress on the tunnel’ feature lines of 1.27 MPa, located at the bot-
tom surface of the structure, below the side drain. 

 

 

(a) (b) 

Figure 15. Maximum principal stress characteristics: (a) contour; (b) horizontal distribution. 

The results in Section 3.1 reveal that the maximum dynamic response appeared at 
the point P3b. Under the action of different axle loads, the time–history curve of the max-
imum principal stress at point P3b is shown in Figure 16. The initial value of the time–
history curve was caused by a static load, only related to the surrounding rock pressure, 
and the amplitude of the time–history curve was caused by a dynamic train load, which 
increases as the axle load enlarges. 

Under the action of the surrounding rock pressure and 30 t axle train-load coupling, 
the maximum amplitude position of the dynamic response was consistent with that under 
the action of an individual train load; the maximum principal stress amplitude was 129.3 
kPa. When the axle load increased by 1 t, the dynamic amplitude of the maximum princi-
pal stress increased by about 4.14 kPa. 

-4 -2 0 2 4
-500

0

500

1000

1500 Wheel

Rail 1

 
 Top  Bottom (Structure) 

σ 1 /k
Pa

Distance apart from tunnel center/m (without train load)

Tunnel center

Rail 3

Side drain 2

Figure 15. Maximum principal stress characteristics: (a) contour; (b) horizontal distribution.

The tunnel structure was in a high-static and low-dynamic stress state with a maximum
value of principal stress on the tunnel’ feature lines of 1.27 MPa, located at the bottom
surface of the structure, below the side drain.

The results in Section 3.1 reveal that the maximum dynamic response appeared at the
point P3b. Under the action of different axle loads, the time–history curve of the maximum
principal stress at point P3b is shown in Figure 16. The initial value of the time–history
curve was caused by a static load, only related to the surrounding rock pressure, and the
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amplitude of the time–history curve was caused by a dynamic train load, which increases
as the axle load enlarges.
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Figure 16. Influence of train axle load on maximum principal stress: (a) time–history curve (P3b);
(b) ∆σ1-axle load.

Under the action of the surrounding rock pressure and 30 t axle train-load coupling,
the maximum amplitude position of the dynamic response was consistent with that un-
der the action of an individual train load; the maximum principal stress amplitude was
129.3 kPa. When the axle load increased by 1 t, the dynamic amplitude of the maximum
principal stress increased by about 4.14 kPa.

4.2. Minimum Principal Stress of Tunnel Structure

Because the static stress caused by rock pressure was much higher than the dynamic
response caused by train load, there were no wheel marks in the tunnel’s minimum
principal stress contour, as shown in Figure 17.
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Figure 17. Maximum principal stress characteristics: (a) contour; (b) horizontal distribution.

In Figure 17a, the minimum value of the principal stress was −2.69 MPa and located
at the tunnel side drain, which was not included in the feature lines and feature points. The
minimum principal stress distribution on the feature lines is presented in Figure 17b, with
the minimum value of 1.38 MPa located at the bottom surface near the side drain.

Under the action of the surrounding rock pressure and 30 t axle train−load coupling,
the maximum dynamic response still appeared at the point P3t and the minimum principal
stress amplitude was 242.6 kPa. The influence of the train axle load on the structure’s
minimum principal stress is shown in Figure 18. Under a different axle load, the initial
value of the minimum principal stress remained unchanged. When the axle load increased



Appl. Sci. 2022, 12, 5721 13 of 19

by 1 t, the dynamic amplitude of the structure’s minimum principal stress increased by
about 7.50 kPa.
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Figure 18. Influence of train axle load on minimum principal stress: (a) time–history curve of P3t;
(b) ∆σ1−axle load.

The amplitude of the minimum principal stress was usually greater than the measured
data, because the measured data often used the vertical dynamic stress to express the
dynamic response of the structure.

In the literature [22], in grade V surrounding rock under the action of a 30 t axle−load
train, the measured vertical dynamic stress of the filling layer’s top surface ranged from
80.80 to 115.44 kPa [22]. In the literature [41], in grade III surrounding rock under the action
of a 30 t axle-load train, the measured vertical stress was 162.13 kPa. The amplitude of
the minimum principal stress of P3b was 242.6 kPa and the vertical dynamic stress was
193.60 kPa in this paper.

4.3. Maximum Principal Stress of Base Rock

Under the action of the surrounding rock pressure and train−load coupling, the
maximum value of the principal stress was located below rail 1 and rail 4, as shown in
Figure 19a. The maximum principal stress distribution on the feature lines is presented in
Figure 19b, where the maximum value was 45.3 kPa.
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Under the action of the 30 t axle−load train and surrounding rock pressure coupling,
the maximum amplitude position of the dynamic response was consistent with that under
the action of an individual train load, as the maximum principal stress amplitude of the
base rock was 43.0 kPa.

The influence of the train axle load on the base rock’s maximum principal stress is
shown in Figure 20. Under a different axle load, the initial value of the maximum principal
stress remained unchanged. When the axle load increased by 1 t, the dynamic amplitude of
the base rock’s maximum principal stress increased by about 1.33 kPa.
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4.4. Minimum Principal Stress of Base Rock

Under the action of the surrounding rock pressure and train-load coupling, the mini-
mum value of principal stress was located at the side wall, as shown in Figure 21a. The
minimum principal stress distribution on the feature lines is presented in Figure 21b, where
the minimum value was −801.0 kPa.
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Under the action of the 30 t axle-load train and surrounding rock pressure coupling,
the minimum principal stress amplitude of the base rock was 115.9 kPa.

Under the action of different axle loads, the time–history curve of the minimum
principal stress at point R3t is shown in Figure 22. The initial value of the minimum
principal stress remained unchanged under a different axle load. When the axle load
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increased by 1 t, the dynamic amplitude of the minimum principal stress increased by
about 3.61 kPa.
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4.5. Vertical Displacement

At the interface, the vertical–displacement distribution characteristics of the tunnel
and rock were similar; thus, the vertical displacement of the tunnel bottom structure was
selected for analysis, which can be used as a reference for the displacement of base rock.

Under the action of the surrounding rock pressure and train-load coupling, the maxi-
mum vertical displacement was located at the center of the tunnel, as shown in Figure 23a.
The vertical-displacement distribution on the feature lines is presented in Figure 23b, where
the maximum value was 3.49 mm.

Appl. Sci. 2022, 12, 5721 15 of 19 
 

 

 

(a) (b) 

Figure 22. Influence of train axle load on minimum principal stress: (a) time–history curve; (b) 
Δσ3−axle load. 

4.5. Vertical Displacement 
At the interface, the vertical–displacement distribution characteristics of the tunnel 

and rock were similar; thus, the vertical displacement of the tunnel bottom structure was 
selected for analysis, which can be used as a reference for the displacement of base rock. 

Under the action of the surrounding rock pressure and train-load coupling, the max-
imum vertical displacement was located at the center of the tunnel, as shown in Figure 
23a. The vertical-displacement distribution on the feature lines is presented in Figure 23b, 
where the maximum value was 3.49 mm. 

 

-4 -2 0 2 40

2

4

6

Rail 1

 Top  Bottom (Structure)

U
2,

m
ax
 /m

m

Distance apart from tunnel center/m

Tunnel center

Rail 3

Side drain 2

 

(a) (b) 

Figure 23. Vertical displacement characteristics: (a) contour; (b) horizontal distribution. 

Under the action of the 30 t axle–load train and surrounding rock pressure coupling, 
the maximum vertical displacement amplitude of the tunnel bottom was 0.35 mm. 

Under the action of different axle loads, the time–history curve of the vertical dis-
placement at point R3t is shown in Figure 24. The initial value of the vertical displacement 
remained unchanged under a different axle load. When the axle load increased by 1 t, the 
dynamic amplitude of the maximum vertical displacement increased by about 0.0112 mm. 

0.0 0.5 1.0 1.5

-150

-100

-50

0
Initial value

A
m

pl
itu

de

 25t  27t
 30t  33t  35t

σ 3 /M
Pa

time/s

WagonWagon

90

120

150

33 353027

Δσ
3 /k

Pa

Axle load/t
25

Figure 23. Vertical displacement characteristics: (a) contour; (b) horizontal distribution.

Under the action of the 30 t axle–load train and surrounding rock pressure coupling,
the maximum vertical displacement amplitude of the tunnel bottom was 0.35 mm.

Under the action of different axle loads, the time–history curve of the vertical dis-
placement at point R3t is shown in Figure 24. The initial value of the vertical displacement
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remained unchanged under a different axle load. When the axle load increased by 1 t, the
dynamic amplitude of the maximum vertical displacement increased by about 0.0112 mm.
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5. Discussion

In the research on the dynamic response of railway tunnels, the research mainly
focuses on the tunnel bottom structure in poor surrounding rock, whereas the dynamic
response analysis of rock mass at the bottom of the tunnel is very limited.

Compared to the literature [27,31,35,49], the numerical results suggested that the
dynamic response of a hard-rock tunnel is obviously greater than that of a soft-rock tunnel,
as the static stress caused by the surrounding rock pressure in hard rock is significantly
smaller than that in the soft-rock tunnel.

This paper mainly studied the dynamic response of the hard-rock tunnel bottom
structure and basement rock. The dynamic-response distribution characteristics and time-
history characteristics of the bottom structure and surrounding rock were obtained, and
the coupling effects of the surrounding rock and train dynamic load and axle load were
considered. When considering the rock pressure and train-load coupling, the dynamic
responses of the tunnel bottom structure and base rock were all greater than that without
considering the rock pressure. The maximum principal stress amplitudes of the tunnel
structure and base rock increased by 28.4% and 56.4%, respectively. It is suggested that the
rock pressure is not negligible in the dynamic analysis of a railway tunnel [50–53].

Furthermore, it is important to consider that the hard-rock tunnel structure is much
thinner and vulnerable compared to the soft-rock tunnel structure; thus, in hard-rock
tunnels, the probability of basement diseases under the rail may be higher than that in
soft-rock tunnels. The research results can provide a useful reference for the research on
the mechanism and prevention of basement diseases in hard-rock tunnels.

Through numerical simulation, this paper studied the dynamic response characteristics
of the tunnel under a heavy-haul train load. There are still some deficiencies that need
further investigation.

1. The elastic–plastic damage model of the surrounding rock and concrete structure can
be introduced into a later numerical analysis to study.

2. The infinite element boundary can be used to completely eliminate the
boundary effect.

3. Defects and irregularities on the rail surface should be considered in a further study.
4. Combined with the numerical simulation results, the progressive damage of the

tunnel bottom structure and surrounding rock should be further studied through a
fatigue test.
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6. Conclusions

In this study, to examine the coupling effect of the static rock pressure and dynamic
heavy-haul train load, a train–tunnel–surrounding rock numerical model was established.
Then, the dynamic distribution and axle-load influence of the hard-rock tunnel were
obtained. We drew the following conclusions:

1. Like soft-rock tunnels, the bottom structure below the rail and side drain are the two
main vulnerable positions of the hard-rock tunnel. The maximum principal stress
caused by the static rock pressure was 1.27 MPa, which emerged in the lower part of
the side drain. The maximum principal stress amplitude caused by the dynamic train
load was 129.3 kPa, which emerged right below the rail.

2. Under the 30 t train load and surrounding rock pressure coupling, the maximum
principal stress amplitudes of the tunnel structure and base rock were 129.3 kPa and
43.0 kPa, respectively, which were obviously greater than that of soft rock [27,31,36,49].

3. In hard-rock tunnels, the probability of basement disease under the rail may be higher
than that in soft-rock tunnels due to its greater dynamic response and thinner structure
as compared to a soft-rock tunnel.

4. When the axle load increased by 1 t, the dynamic amplitude of the structure’s max-
imum and minimum principal stresses increased by about 4.14 kPa and 7.50 kPa,
and the base rock’s maximum and minimum principal stresses increased by about
1.33 kPa and 3.61 kPa.

5. When considering the rock pressure, the dynamic response of the tunnel bottom
structure and base rock were all greater than that without considering the rock pres-
sure. The maximum principal stress amplitudes of the tunnel structure and base rock
increased by 28.4% and 56.4%, respectively.
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