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Abstract 
 

The ultra-small spacing tunnels are widely used in the urban subway. However, due to the narrow and unstable of the 
middle pillar of the ultra-small spacing tunnels, these tunnels are easy to be damaged under the vibration loads of train. 
To ensure the middle pillar stability of the ultra-small spacing tunnels, taking Gangding-Shipaiqiao ultra-small spacing 
tunnels (0-200 mm) on Guangzhou Metro Line 3 in China as engineering background, the dynamic response 
characteristics of middle pillar under different speeds of single (double) trains in different cross-section types tunnels 
were analyzed by using ABAQUS. The superposition coefficient of train vibration excitation expression was proposed, 
and the fitting vibration equations of three different train speeds were obtained, which mainly involved the vertical 
acceleration, vertical velocity, vertical displacement and horizontal displacement of the middle pillar. Results show that 
the higher the speed of the train, the greater the influence on the middle pillar. Compared with the asymmetric tunnel 
section, the symmetrical tunnel section has less influence on the middle pillar, especially on the dynamic response of the 
horizontal displacement. The conclusions obtained in this work provide reference value for the design and construction of 
ultra-small spacing tunnels. 
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1. Introduction 
 
Currently, the traffic vibration has been listed as one of the 
major environmental hazards in the world [1]. The structural 
vibration caused by high-speed trains propagates through the 
surrounding filed or the ground, further induced secondary 
vibration and noise of nearby underground and adjacent 
structures. Traffic vibration will have a great impact on the 
structural safety of the building and the daily life of the 
residents [2]. 

Although the vibration amplitude and damage of the 
surrounding environment caused by the high-speed trains are 
often small compared with the earthquake, due to the long-
term existence of this vibration, this persistent small 
amplitude vibration will cause the strength and durability of 
the tunnel structure to decrease. The structure is prone to 
cracks and even cracking, which will eventually endanger 
the overall stability and operational safety of the tunnel 
structure. So, it is an urgent need for setting the potential 
hazards caused by the middle pillars of ultra-small spacing 
tunnels under the train vibration loads [3]. 

Due to urban underground resource shortage and 
complicated geological conditions, more and more ultra-
small spacing tunnels are used in underground engineerings. 
It will be of great significance to study the dynamic response 

characteristics of the middle pillar of the ultra-small spacing 
tunnels under train vibration loads. 
 
 
2. State of the art 
 
Aiming at the dynamic response of the middle pillar for the 
small spacing tunnels under train vibration loads, many 
scholars have done lots of researches on the theoretical 
analysis, simulation calculation and engineering application. 
It is generally believed that the train speed, track structure, 
smoothness of train operation, and axle load have a great 
influence on the stability of the tunnel surrounding rock, 
supporting structure and middle pillars [4-5]. 

In case of high-speed rail, according to the numerical 
modelling and theoretical analysis, the artificial excitation 
formula to simulate the vertical vibration load was proposed. 
Considering the mechanism of vibration load generation, the 
existing formula of train load was rectified and perfected, 
which laid a foundation for further study of the dynamic 
response of the surrounding rock and adjacent structures 
under train vibration loads [6-8]. In addition, the faster the 
train run, the tunnel structure would produce the greater 
vibration load and the more obvious acceleration response 
[9-10]. Yi et al. found that the cumulative deformation 
mechanism of the tunnel lining under the long-term dynamic 
loading of high-speed rail was the opening and dislocation of 
the joints by using numerical simulation and laboratory tests 
[11]. Bai et al. analyzed the dynamic response of parallel 
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double-line tunnel and overlapping tunnel. They found that 
whether it was a two-line parallel tunnel or an overlapping 
tunnel, the peak values of stress, strain and acceleration of 
double trains under simultaneous dynamic load were larger 
than those under single train dynamic load, and the dynamic 
response was more significant [12-13]. Xu et al. studied the 
dynamic response of adjacent tunnel structures under the 
train dynamic load and proposed an empirical formula based 
on the simulation results to determine the influence range of 
traffic vibration loads [14-15]. Wang et al. studied the 
dynamic response of three different cross-section tunnels 
under train vibration loads, which provided a reference for 
the stability evaluation of the tunnel linings [16]. 

Since the influences of long-term dynamic load induced 
by high-speed rail on the middle pillar of the ultra-small 
spacing tunnels are still not clear and the related information 
has been rarely reported, this work, taking the ultra-small 
spacing tunnels (200 mm) of Guangzhou Metro Line 3 as the 
engineering background, to ensure the safe operation of the 
tunnel, will focus on the dynamic response of the middle 
pillar of different cross-section tunnels under the train 
vibration loads by using ABAQUS technique. 

The rest of this study is organized as follows. Section 3 
describes the relevant background, numerical and theoretical 
analysis methods. Section 4 gives the results and discussion, 
and finally, the conclusions are summarized in Section 5. 

 
3. Methodology 
 
3.1 Engineering background 
The shallow buried ultra-small spacing tunnels in Gangshi 
sector on line 3 of the Guangzhou Metro in China is shown 
in Fig. 1. The length of the right line is 641.40 m and the left 
line is 645.44 m. The distance between the two tunnels is 0-
195 mm, which is a typical practice in the small spacing 
tunnels. The ground traffics above these lines were heavy. In 
addition, the ground roads were flanked on both sides by 
high-rise buildings. The depth of the ultra-small spacing 
tunnels varied from 14 to 19 m, and the full cross-section 
width of the two tunnels is 6.50-20.02 m. Fig. 2 illustrates 
the cross-section of the ultra-small spacing tunnel in 
Gangshi sector. 
 

 
Fig. 1. Route map of Guangzhou Metro Line 3 in Gangshi sector. 

 
Fig. 2. Cross-section of ultra-small spacing tunnels.  
 
3.2 Mechanical response numerical analysis 
 
3.2.1 Building computational model 
As shown in Fig. 2, the cross-section of the double-track 
tunnel with a spacing about 190 mm was selected, and the 
computational model was built by using ABAQUS 

technique. To reduce the boundary effect, the left-hand, 
right-hand and lower boundaries of the model were three to 
four times the excavation diameter of the tunnel. It was 
assumed that the surrounding rock of the tunnels conformed 
to the Mohr-Coulomb yield criterion. The benching 
excavation method from top to bottom was used for the two 
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tunnels excavation. The left-hand tunnel was excavated first 
and then the right-hand tunnel. The excavation of the right 
tunnel lagged behind that of the left tunnel by 25 m [17]. 

As seen from Table 1, the surrounding rock of the 
tunnels mainly related to grades V, and its physical and 
mechanical parameters were selected according to the China 

Code for the Design of Highway Tunnels and the China 
Guide to the New Austrian Method for Railway Tunnels. As 
shown in Fig. 4, under the shallow burial conditions (about 
14 m), the monitoring points were located at key locations of 
the middle pillar to observe the dynamic response 
characteristics of these positions. 

  
Fig. 3. The computational model and its boundary conditions. 
 
Table 1. Calculating parameters for the model 

Grade and structure 
Weight 

( ) 
Elastic modulus 

(GPa) 
Poission’s 

Ratio 
Friction angle 

 (°) 
Cohesion 

(MPa) 
Ⅴ 20 0.6 0.38 25 0.08 

Lining 25 35.1 0.20 43 1.30 
Bedding 25 30.5 0.20 45 1.05 

 

     
(a) P-type cross-section                             (b) Q-type cross-section                                  (c) R-type cross-section  

Fig. 4. Monitoring points layout for three different cross-sections. 
 
3.2.2 Selection of boundary conditions 
The simulation of tunnel excavation, support and train 
vibration load were divided into six steps. The simulation of 
tunnel excavation and support was carried out under static 
conditions. The corresponding boundary conditions were 
static boundary conditions: the left and right boundary were 
constrained by X-direction displacement, the bottom 
boundary was constrained by Y-direction displacement, and 
the upper boundary was free boundary. In order to eliminate 
the reflection error of the vibration wave on the boundaries 
and simulate the characteristics of the infinite boundary of 
the soil, the viscoelastic boundary condition of the model 
was adopted in the dynamic calculation process. 

Viscoelastic boundary is a kind of artificial boundary 
condition, which is used to better realize the elastic recovery 
performance of far-field earth medium in the model of finite 
boundary. To simulate the propagation law of wave more 
accurately, Rayleigh damper was used to achieve this 
purpose in the calculation model, and the expression is as 
follows: 
 

                            (1) 
 
where, ,  , and are the damping matrix, the total 
stiffness matrix, and the mass matrix of the system, 
respectively. and  are the damping parameters. 

 
3.3 Theoretical analysis of train vibration loads 
 
3.3.1 Numerical calculation of train dynamic loads 
According to the orthogonal condition of mode shapes, the 
relationship between the undetermined damping parameters 
and the damping ratio should be as follows: 

 

      
(k=1, 2, 3,…,n)           (2) 

 
where,  and are the damping ratio, the natural 
frequency of the system, respectively. 

The natural vibration characteristics of soil model under 
the train vibration loads can be obtained by characteristic 
equation: 
 

                                  (3) 
 
where,  and are the eigenvector, the eigenvalue of 
natural vibration of the system, respectively. 

The equation of equilibrium motion of the whole system 
can be obtained by using the subspace iteration method of 
Sturm sequence: 
 

               (4) 
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where, , , and  are the displacement vector, the velocity 
vector, and the acceleration vector, respectively.  is the 
time-varying nodal force vector. 

Pan and Pande proposed the Newmark implicit 
integration method for the calculation of train vibration 
loads [6]. Therefore, the motion equilibrium differential 
equation of the model structure system at t+Δt can be 
expressed as: 
 

   (5) 
 
Rayleigh damping is adopted in the damping matrix of 

the model structure: 
 

                                 (6) 
 

                                       

(7) 

 
where,  is the base frequency of the system, it can be 
determined by modal analysis of the model structure.  is 
the damping ratio of corresponding modes of the system. 

According to the principle of Newmark implicit 
integration, it can be calculated as: 

 

            

(8) 

 

                

(9) 

 
where, integration constant δ=0.5, γ=0.25, integration step 
∆t=Tmax/100. (Tmax is the maximum period of the system, 
which is determined by the modal analysis of the structural 
system). 
 
3.3.2 Excitation form of train vibration load  
The main reason for the train vibration loads is the wheel 
factor and the track irregularity. The wheel factors comprise 
the wheel eccentricity and the wheel flat. The track 
irregularity mainly includes the track joints and the defective 
joints, the defects of rail foundation, the track geometry 
irregularity, etc. The superposition coefficient and dispersion 
coefficient were introduced to correct the existing train 
vibration load expression, the vibration load expression is 
[6]: 
 

    (10) 
 
where,  (1.2-1.7),  (0.6-0.9) are the superposition 
coefficient, the dispersion coefficient of wheel and rail 

action, respectively.  is the single wheel static load. ,  
and  are the vibration load peaks corresponding to the rail’s 
natural circular frequencies , , and . 
 

             (i=1, 2, 3)           (11) 
 
where,  is the mass under the spring.  is a typical vector 
height, whose value is determined according to the British 
geometric irregularity management value, as shown in Table 
2.  is the circular frequency of irregular vibration 
wavelength corresponding to vehicle speed. 
 

   (i=1, 2, 3)                       (12)  
 
where,  is the train speed.  is the typical wavelength. 
Table. 2. Management value of track’s geometry unsmooth 
[18] 

Control conditions 
Wave 
length  
(mm) 

Versine 
(mm) 

According to driving 
smoothness 

50.0 16.0 
20.0 9.0 
10.0 5.0 

According to dynamic 
additional load acting on the 

track 

5.0 2.5 
2.0 0.6 
1.0 0.3 

Waveform consumption 0.5 0.1 
0.05 0.005 

 
According to the operation standard of high-speed 

railway tunnel in China, the axle load of the train is 17 t and 
the mass under the spring is M0= 750 kg. The irregular 
vibration wavelengths and vector heights corresponding to 
the three control conditions of comfort, dynamic additional 
load and waveform wear are =10.0 m, =3.5 mm, 

=2.0 m, =0.4 mm, =0.5 m, =0.08 mm, 
respectively. According to the engineering background, the 
train design speed of Guangzhou Metro Line 3 is 120 km/h. 
However, due to many factors such as stopping at interval 
stations and bending of route, the actual speed of train can 
not reach its designed speed. In this study, the train speed is 
actually 72 km/h, 90 km/h, and 108 km/h, respectively. 
According to Eq. (10), the expressions of train vibration 
loads at three different speeds above mentioned are obtained 
as follows, and the time history fitting curves are shown in 
Fig. 5. 
 

 (13) 
 

 (14) 
 

    (15) 
 
 
4. Result and Discussion 
 
4.1 Dynamic response analysis of vibration acceleration 
The middle pillar is the weakest part of the ultra-small 
spacing tunnels. The vibration loads generated during train 
operation will inevitably cause the vibration of tunnel 
structures, which will affect the stability of the middle pillar, 
in particular. 
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(a) 72km/h 

 
(b)90km/h 

 
(c) 108km/h 

Fig. 5. Time-history fitting curves of train vibration load at different 
speeds. 
 

As shown in Figs. 6 and 7, the peak vertical 
accelerations of the monitoring points increase with the train 
speed increasing for different tunnel cross-sections. For train 
speed 90 km/h, the vibration acceleration is smaller than that 
of others speeds. Besides, it can be found that whether the 
single or double trains run, the vertical acceleration vibration 
amplitude of P-type cross-section is the largest, that of Q-
type cross-section is the smallest, and R-type cross-section is 
in the middle. 

 

 
(a) 72km/h 

 
(b) 90km/h 

 
(c) 108km/h 

Fig. 6. Vertical accelerations of the monitoring points for three tunnel 
cross-sections with single train at different speeds. 
 

 
(a) 72km/h 

 
(b) 90km/h 

 
(c) 108km/h 

Fig. 7. Vertical accelerations of the monitoring points for three tunnel 
cross-sections with double trains at different speeds. 
 
4.2 Dynamic response analysis of vibration velocity 
It can be seen from Figs. 8 and 9, the vibration velocities of 
monitoring points increase with the train speed rising, but 
the vibration velocity of the middle pillar caused by train 
vibration loads is very small. Besides, both single and 
double trains operation, the vibration velocities of the middle 
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pillars for three different tunnel cross-sections on vibration 
amplitude are slightly different. 
 

 
(a) 72km/h 

 
(b) 90km/h 

 
(c) 108km/h 

Fig. 8. Velocities of the monitoring points for three tunnel cross-
sections with single trains at different speeds. 
 

 
(c) 72km/h 

 
(b) 90km/h 

 
© 108km/h 

Fig. 9. Velocities of the monitoring points for three tunnel cross-
sections with double trains at different speeds. 
 

4.3 Dynamic response analysis of vertical displacement 
The displacement variation of tunnel structure under train 
vibration loads is one of the most intuitive manifestations of 
tunnel stability. Therefore, it is necessary to analyze and 
discuss the displacement variation rules of tunnel structure 
during train running. 

In Fig. 10, under the vibration load of a single train, the 
vertical displacements of three tunnel cross-sections are 
hierarchically distributed. The vertical displacement of R-
type tunnel section is the smallest, that of the P-type section 
is the largest. and Q-type cross-section is in the middle. 
However, the vertical displacement vibration amplitude of 
R-section is the largest. It can be caculated from Fig. 11, 
under the action of the double-train, the vertical 
displacements of monitoring points in the middle pillar of 
three tunnel cross-section almost overlap with each other, 
and the vibration rule is basically the same and the 
difference is very small. 

 

 
(a) 72km/h 

 
(b) 90km/h 

 
(c) 108km/h 

Fig. 10. Vertical displacements of the monitoring points for three tunnel 
cross-sections with single trains at different speeds. 

 
(a) 72km/h 

 
(b) 90km/h 
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(c) 108km/h 

Fig. 11. Vertical displacements of the monitoring points for three tunnel 
cross-sections with double trains at different speeds. 

 
4.4 Dynamic analysis of horizontal displacement 
Fig. 12 implies that the horizontal displacements of 
monitoring points under the vibration loads of a single train 
with different train speeds show a slightly difference on 
values. But the vibration amplitude of the monitoring point 
of P-type cross-section is the largest, while that of the Q-
type and R-type cross-sections are not significantly different.  

As shown in Fig. 13, no matter the running speed of the 
train is high or low, the horizontal displacement vibration 
amplitude of monitoring point of R-type cross-section is the 
largest. In addition, the horizontal vibration of monitoring 
point of P-type and Q-type cross-sections under the vibration 
load of double-train running is slight, and the vibration curve 
almost tends to be a straight line. 

In summary, due to P-type and Q-type cross-sections are 
symmetric structure, the horizontal vibration energy waves 
at waist of the middle pillars are offset each other under the 
vibration loads of double trains, so the horizontal 
displacement vibration of the middle pillar is flat. Besides, 
due to the R-type cross-section is asymmetric structure, 
which lead to the vibration amplitude of horizontal 
displacement of the middle pillar being larger. 

 
(a) 72km/h 

 
(b) 90km/h 

 
(c) 108km/h 

Fig. 12. Horizontal displacements of the monitoring points for three 
tunnel cross-sections with single trains at different speeds. 
 

 
(a) 72km/h 

 
(b) 90km/h 

 
(c) 108km/h 

Fig. 13. Horizontal displacements of the monitoring points for three 
tunnel cross-sections with double trains at different speeds. 
 
 
5. Conclusions 
 
To study the dynamic response characteristics of the middle 
pillar in the ultra-small spacing tunnels, the vibration 
acceleration, velocity, vertical displacement, horizontal 
displacement of the middle pillar under different train speeds 
were analyzed and discussed. The conclusions are as follows:  

(1) The higher the speed of train travel, the greater the 
impact on the middle pillar of the ultra-small spacing tunnels. 
When simulating the dynamic response of tunnel structure 
under train vibration load in the two-dimensional model, the 
superposition effect should be considered in the expression 
of train vibration load excitation. 

(2) The dynamic responses of acceleration, velocity, and 
vertical displacement of the middle pillars in three tunnel 
cross-sections under the train vibration loads are slightly 
different. However, compared with the vertical displacement, 
the horizontal displacement is relatively smaller both in 
value and vibration amplitude. Furthermore, the dynamic 
response of the middle pillar in the Q-type tunnel cross-
section is the smallest, that of the R-type is the largest, and 
the P-type is in the middle. 

(3) The asymmetric tunnel cross-section of the ultra-
small spacing tunnels has a great influence on the dynamic 
response of the middle pillar, especially in the aspect of 
horizontal displacement. 

Since the practical engineering is actually a three-
dimension problem, the three-dimension model, which can 
reflect the difference between two trains traveling in the 
same or opposite direction, should be studied in the future. 
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