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1. Introduction 
 

It is well known that the dynamic response of the 

ground and underground structures during earthquake is 

quite different (Sun et al. 2011, Fattah et al. 2015 and Lee 

et al. 2017). Jesmani (2016) and Angin (2016) indicate that 

earthquakes can damage tunnels especially in geo-hazard 

sites such as the fault, the changing stratum and the ground 

fissure. The San-I No.1 tunnel was severely damaged in the 

Chi-Chi earthquake in 1999. The tunnel was 8 km away 

from the location of the surface rupture of the Chelungpu 

Fault. The tunnel was temporarily closed for repair and 

reinforced after the Chi-Chi earthquake (Cheng et al. 2012, 

Liu et al. 2016). Many instances of noticeable seismic 

tunnel damage were reported in 2008 Wenchuan 

earthquake. The Longxi tunnel and Zipingpu tunnel of the 

Duwen highway crossing two faults as F8 and F11 had 

serious damages as lining cracking, joint staggering and 

inverted arch uplifting. The survey after earthquakes also 

indicated damages of subway structures. The Chengdu 

subway project which is the nearest subway tunnel to the 

epicenter of Wenchuan earthquake had obvious damages in  
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the shield tunnel as lining cracks, dislocation, leakage and 

so on. Majid (2016) carried out research for segmental 

tunnels when they are susceptible to faulting and found that 

tunnels have different mechanisms of failure at large 

exerted permanent ground displacement. 

Xi’an is in the 8 degree seismic fortification intensity in 

the seismic intensity zoning of China, thus seismic design 

must be considered during construction. At the same time, 

14 ground fissures have been identified in Xi’an city. The 

total extension length is more than 100 km, with the 

covering area about 150 km
2
, almost the whole city. 

Monitoring data show that these fissures are still active, 

with the annual increase rate of about 2-16 mm/y. Previous 

investigations have shown that a series of damages in the 

ground and underground structures had been caused by the 

ground fissures (Peng et al. 2017).  

The subway projects are usually designed along linear 

alignments, and therefore, it is difficult to completely avoid 

the earth fissure ground because fissures lay in the liner 

planning with the construction design. The Xi’an Metro 

Line I and Line II have been in operation. Both of them 

have several intersections with ground fissures. There are 

still some metro lines in design and construction; all of 

which have one or more intersections with the 14 ground 

fissures. In recent years, seismic activities have occurred 

frequently. It indicates that China is just undergoing the 5th 

seismic active period. Therefore, understanding the 

dynamic characteristics of subway tunnel becomes a key 

factor of the safety in urban lifeline engineering, especially 

when the seismic load and ground fissures load are coupled. 

For the geo-hazard site, different methods have been 

carried out to analyze the geo-hazard as ground fissure and 

fault. The metro tunnel is influenced not only by the seismic 

activities but also by the movement of the ground fissures 
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due to complex underground geological conditions; 

therefore, dynamic tests can provide insight to understand 

the segmented metro tunnel, soil stress and strain behaviors 

(Cambio et al. 2011, Kang et al. 2015, Yang and Li 2017). 

Peng et al. (2017) simulated the influence of ground fissure 

on stratum during earthquake by numerical method. The 

integrity of the site had been impacted by earthquake and 

the vibration characteristics had corresponding change. 

Chen et al. (2015, 2016) studied the acceleration response, 

the soil pressure and strain responses of shield tunnel in 

earthquake by numerical simulation and shaking table test. 

The model tests on the tunnel were focused on the tunnel 

dynamic response in geological environment of different 

soil layers and fault. He et al. (2014), Kim et al. (2017) 

published rigorous research results with detailed 

investigation of large section shield tunnel, underground 

water tunnel by shaking table test. He et al. (2014) also 

reported the safety length and damping layer of the tunnel 

based on the results of model test. However, the failure 

characteristics of ground fissures and faults movement have 

essential difference. Few research studies of the tunnels 

influenced by active ground fissures have been found in the 

literatures.  

This study investigated the behaviors of a metro tunnel 

in the ground fissure site when subjected to seismic 

loadings by the shaking table model test. The dynamic 

responses of the tunnel and the ground fissure site were 

obtained. The effect of the acceleration, the earth pressure, 

strains of the tunnel, the uneven settling, original cracks and 

developing new cracks of the ground fissure site are 

examined. El Centro earthquake waves and synthetic Xi’an 

earthquake waves were used as the input earthquake 

loading. Based on the laboratory investigation, 

recommendations and design guidance will be provided as a 

scientific basis for subway engineering design and 

construction in ground fissure developed geological disaster 

areas. 

 
 

2. Materials and methods 
 

2.1 Geology characteristics 
 

Xi’an ground fissure is originated the northwest side of 

Lintong-Chang’an fault in the Fenwei depressed Basin. The 

tectonics and excessive use of groundwater were the 

coupling reason for the original and development of ground 

fissures (Holzer et al. 1989, Burridge et al. 1989, Escandon 

et al. 1999, Rojas et al. 2002, Peng et al. 2017). The 14 

ground fissures are numerically numbered f1 to f14 from 

north to south, and all of them present the similar 

characteristics. In profile plane direction, all of the ground 

fissures are northeastern with southeastern tendency and 

angle tilt varies from 70
o
 to 85

o
. Ground fissures have three-

dimensional movement characteristics, for example, the 

vertical displacement of the hanging wall relatively to the 

foot wall, the horizontal extension, and the horizontal 

twisting. The vertical settling is the greatest, the horizontal 

extension is intermediate, and the horizontal twisting has 

the least impact. The ration of the three movements is 

1:0.30:0.03. The influence of ground fissures to metro  

Table 1 Specifications of the shaking table 

Name Parameter 

Size 1.0 m×1.5 m 

Max loading 2 000 kg 

Shaking direction Horizontal direction 

Frequency 0.1~50 Hz 

 

Table 2 Scale ratios of the tunnel model to prototype  

Name Similarity relationship Scale ratio 

Strain similarity ratio m pC  
 

1 

Geometry similarity ratio l m pC l l
 

1/40 

Density similarity ratio m pC  
 

1 

Elastic modulus similarity ratio E m pC E E
 

1/5 

Displacement similarity ratio u lC C
 

1/40 

Time similarity ratio t l EC C C C
 

0.056 

Frequency similarity ratio 1f tC C
 

17.857 

Stress similarity ratio EC C C  
 

1/5 

Acceleration similarity ratio 
2

a l tC C C
 

8 

 

Table 3 Material properties 

Material Cement Flyash Sand Fine stone（3~5 mm） Early strengthagent Water 

Mix 

proportion/% 
1.0 0.257 2.209 3.177 0.02 0.457 

 

Table 4 Physical-mechanical properties of the tunnel model 

Name Density (kN.m-3) Concrete cube strength (MPa) Elastic modulus (MPa) 

Tunnel model 25.00 2.98 3.3×103 

 
 

tunnels is controlled by vertical displacement (Peng et al. 

2017).  

 

2.2 Shake table and similarity rule 
 

The main specifications of the shaking table are listed in 

Table 1. The shake table was manufactured by MTS. Co. 

Ltd. USA. The lab of the Chang’an University reformed the 

system with the MTS Company for vibration and loading 

control. The input wave of the shake table could be the 

harmonic wave and the random seismic wave. It is hard for 

the dynamic model test to fully satisfy similarity rule 

because of the complexity of the simulation test (Altunisik 

2017, Bayati and Soltani 2016). According to the existing 

experimental conditions and the main targets of the test, the 

similarity ratio of the length was found to be the basic 

parameter (Wang. et al. 2015). Material parameters of the 

tunnel prototype were adopted from Xi’an Metro II. The 

similarity ratios of the parameters are listed in Table 2, 

where physical variables with subscript m are used for the 

model, and physical variables with subscript p are used to 

describe the prototype. 

According to the similarity ratios shown in Table 2, the 

soil of model test was chosen from the interaction site of 

ground fissures f7 and the Xi’an Metro II. The ground 

fissure was simulated by fine sand. In the metro tunnel 

model, the steel bars of prototype are made of galvanized 
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steel wire mesh, and the property of concrete is listed in 

Table 3. 

Material properties of the tunnel prototype were adopted 

from Xi’an Metro II. The material parameters which are 

used in model test are listed in Table 4. 
 

 

 

Fig. 1 Shake table tunnel model setup 

 

 

Fig. 2 Horseshoe shape tunnel model 

 

 

Fig. 3 Sketch of model casing 

 

 

Fig. 4 Layout of monitoring points (unit: mm) 

2.3 Boundary conditions of model casing 
 

At present, three kinds of typical model casings are 

usually applied in the shaking table test, such as the rigid 

model casing, the laminar shear model casing and the 

cylindrical flexible model casing. In the design of the model 

casing, the boundary condition is expected to simulate the 

prototype foundation as much as possible. The boundary of 

the model casing may reproduce the seismic response of the 

free space in the vibration process, the boundary condition 

of the model casing is simple and clear, and convenient to 

collect the corresponding measurement data during the test. 

The shaking table test applied the rigid model casing based 

on the requirements (see Fig. 1). The model casing is made 

of the angle steel and the wood board. Some measures were 

adopted to assure synchronous vibration between the 

surrounding soil and the model casing, and to decrease the 

boundary effect. The polystyrene foam is 10 mm thick that 

was used to absorb seismic wave caused by reflection of 

box were pasted on the two inner sides of box. Wood 

screws were nailed each 100 mm at the bottom of the model 

casing to reduce the relative displacement and strengthen 

the friction between the soil and the bottom. 

 

2.4 Test method 
 

The model tunnel is based on a horseshoe shaped tunnel 

which is located in Xi’an Metro II intersected with ground 

fissure f7. The model tunnel is shown in Fig. 2. From the 

design code as specification for site investigation and 

engineering on Xi’an ground fractures (DBJ 61-6-2006), 

the influence range of the ground fissure is 2.5 times of the 

tunnel external diameter in the hanging wall and 2.0 times 

of the tunnel external diameter in the foot wall. The length 

of prototype tunnel is 40 m, the external diameter is 4.5 m 

and the depth of the tunnel is 12 m. The tilt angle of ground 

fissure is 85
o
, and the fissure is 

perpendicularly intersecting the tunnel. According to the 

prototype, the size of the model casing has 1.0 m length, 0.9 

m width and 0.6 m height (see Fig. 3). 

In order to analyze the dynamic response of the site and 

tunnel, the settling observation, resistance strain sensors, 

acceleration sensors and earth pressure cells are laid out and 

continuously sampled during the entire testing process (see 

Fig. 4). The data of the sensors are transported to computers 

which are installed outside the shaking table for recording. 

Further observations and measurements were conducted 

when the vibration stopped. 
 

 

3. Results and discussions 
 

3.1 Surface subsidence 
 

The synthetic Xi’an earthquake wave and El Centro 

wave are loaded in the horizontal direction in order to 

observe the dynamic response and destruction of the tunnel 

model. The surface subsidence of the model site is shown in 

Fig. 5. On the surface of the model site, each 100 mm have 

a monitor point. The curves stand for the points lines from 

north to south, while the horizontal axis is east to west  
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(a) Subsidence after El Centro wave 

0 200 400 600 800 1000
-50.0

-45.0

-40.0

-35.0

-30.0

-25.0

-20.0

-15.0

-10.0

-5.0

0.0

ground fissure

  

 

 

D
is

p
la

ce
m

en
t 

(m
m

)

Horizontal position (mm)

 200 mm

 300 mm

 400 mm

 500 mm

 600 mm

 700 mm

 800 mm

foot wallhanging wall

 
(b) Subsidence after synthetic Xi’an wave 

Fig. 5 Measured surface subsidence 

 

 

direction. From Fig. 5 it is clear that there is uneven settling 

in the ground fissure site. The rule of the displacement is 

very similar in the site no matter the input wave is El Centro 

or synthetic Xi’an earthquake wave. The greatest vertical 

displacement occurred in the hanging wall. The vertical 

displacement in the hanging wall is greater than that in the 

foot wall. The monitor points which are far away from the 

fissure in the foot wall almost didn’t have settling. More 

close to the fissure, more vertical displacement in the 

hanging wall. The greatest displacements of each curve are 

located at the point of 400 mm in the horizontal axis which 

are the closest monitor points in the hanging wall. The 

greatest vertical displacement is 22.5 mm after the load of 

El Centro wave, and 45.0 mm after the synthetic Xi’an 

earthquake wave. Both of the vertical displacements are 

greater than the forecast value which is 2-16 mm/a. The 

earthquake load induced the vertical displacement of the 

ground fissure site, and increased more displacement than 

the forecast vertical displacement value. 
 

3.2 Ground cracks 
 

Cracks were appeared and expended with the loading of 

the earthquake wave. The first crack appeared on the 

surface of the hanging wall. More cracks were propagating 

and expending with the dynamic loading. A couple of 

cracks appeared on the foot wall. But the number of cracks 

in the foot wall is less than that in the hanging wall. The 

cracks are shown in Fig. 6. The Fig. 6(a) is a graphical  

 
(a) Cracks in graphic model 

 
(b) Ground surface cracks 

Fig. 6 The distribution of cracks after earthquake loading 
 
 

model including the plan and the profile of the model site. It 

is shown that cracks caused by the earthquake appears at the 

hanging wall. Because the uneven settling of the site, the 

dynamic stress concentration appears in the location where 

close to the fissure when the vibration begins, and the stress 

concentration is more serious at the location where the 

fissure is the weak line in the vibration. With the increase of 

the vibration amplitude and the load duration of model 

casing, the surrounding soil reach the limit state of the 

crack, and then the first crack appears. 

Cracks appeared on the hanging wall and foot wall, but 

the depth and the extending length of the cracks are 

different. The extending length of crack is longer, the depth 

and width are greater in the hanging wall than those of the 

cracks which are located in the foot wall. The biggest crack 

was observed in the shape “Y” combined with the fissure on 

the top of the tunnel in the hanging wall. The Fig. 6(b) is a 

plane graph of the surface cracks. The width of the widest 

crack is about 10 mm in hanging wall, and the width of the 

crack is about 2-3 mm in foot wall. As the result, the density 

and the width of the cracks in the hanging wall and the foot 

wall are different. 
 

3.3 Model acceleration 
  

Four acceleration sensors were located in the hanging 

wall, the foot wall and inside the tunnel which is shown in 

Fig. 4. The test acceleration peak value divisions the input 

peak is defined as magnification coefficient of acceleration 

(abbr. MCa). The curve of MCa and test point is shown in 

Fig. 7. The test acceleration can reliably express the 

dynamic characteristic of the tunnel, the hanging wall and 

the foot wall. From Fig. 7, an amplification effect on the 

ground fissure site and the metro tunnel is observed in the 

vibration process. The MCa remains the same in the two test 

acceleration (A1 and A2) inside the tunnel which is 1.05.  
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Fig. 8 Time histories of earth pressure 
 
 

The amplification effect of the tunnel is 5%. The tunnel 

has integrity character in the vibration process. The MCa of 

A3 is 1.20 which is greater than that of A4 (1.10). The 

amplification effect of the hanging wall is 20%, and that is 

10% of the foot wall; also both of them magnify the 

acceleration. No matter the hanging wall or the foot wall 

magnify the acceleration greater than that of the tunnel.  

 

3.4 Earth pressure characteristics 
 

In the test, micro earth pressure sensors were applied for 

monitoring the earth pressure of the model. The curves of  
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(a) El Centro wave 
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(b) The synthesis Xi’an earthquake wave 

Fig. 9 Strain curves of tunnel in earthquake 
 
 

earth pressure versus the time during the synthesis Xi’an 

earthquake loading are shown in Fig. 8. The earth pressure 

at every testing point is offset during the loading process 

and the offset cannot be eliminated after the vibration 

loading. In addition, the perpetual earth pressure at the top 

of the tunnel (EP1) is greater than that at the side wall (EP2 

and EP3). The soil pressure of EP1 which located on the top 

of the tunnel is increased 0.2 MPa. The soil pressure of EP2 

and EP3 decreased to 0.1 MPa and 0.15 MPa respectively. 

The main reason the earth pressure offset is that the 

permanent deformation of the soil happened due to the 

earthquake loading which produced additional earth 

pressure in the tunnel structure. The restriction in the side 

wall of the tunnel by the surrounding soil is weaker so the 

earth pressure at the side wall is less. The earth pressure 

offset of EP1 which located at the top of the tunnel is 0.2 

MPa and its permanent earth pressure is greater than that at 

any other location. The vibration of earthquake loading 

increased the earth pressure at the top of the tunnel. 
 

3.5 Strain characteristics 
 

In the test, the 5 mm×20 mm strain gauges were used 

for measuring the tunnel strain. The offset of the strains 

after synthesis Xi’an earthquake and El Centro earthquake 

are shown in Fig. 9. From Fig. 9 the strain characteristics 

after the vibration is known that the earthquake loading 

increased the strain at all locations. At the same cross-
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section, the strains outside the left and right arch are the 

maximal strain. The strain on the crown of the arch is the 

second one while the strain of the inverted arch is the least 

one. Fig. 9(a) is the principal strains of tunnel after the 

loading of the El Centro earthquake wave. The strains of the 

left and right arch are a little more than 600 με in the 

hanging wall, while they are 300 με in the foot wall. The 

strain of the crown is 500 με in the hanging wall and it is 

about 300 με in the foot wall. The inverted arch has the 

strain less than the others part of the tunnel. The inverted 

arch only has the strain as 300 με in the hanging wall, and 

the strain is a little more than 100 με in the foot wall. Fig. 

9(b) is the strains of the tunnel in the hanging wall and foot 

wall after the synthesis Xi’an earthquake wave. The curves 

of the strains have the same rule with the Fig. 9(a), and the 

strains have the similar value in the two kinds earthquake 

wave. 

From the strains of the 3 testing cross-sections, the 

strains at the cross-section which located in the hanging 

wall are greater than those of the corresponding position in 

the foot wall. The tunnel in the hanging wall has greater 

deformation than that of the foot wall. 
 

 

4. Conclusions 
 

• Subsidence has been induced by the coupled 

earthquake and the ground fissure activities. The subsidence 

of hanging wall is greater than that in the foot wall, and it is 

greater than the predicted subsidence from the field survey. 

In the synthesis Xi’an earthquake, the deepest subsidence is 

about 45 mm in the range closing to the fissure. 

• By the reason of the uneven settling between the 

hanging wall and the foot wall, the stress concentration, 

cracks appearing and propagating not only in hanging wall 

but also in the foot wall. More Cracks appeared in the 

hanging wall than that of the foot wall. And the extending 

length is longer, the depth and width are greater. The width 

is about 10 mm in the hanging wall and 2~3 mm in the foot 

wall. 

• The amplification indicated by MCa has the rule that 

the hanging wall has greater effect on amplification of 

dynamic loading than that of the foot wall. And the tunnel 

has the integrity character. 

• The earth pressure at every testing point is offset in the 

dynamic duration. The earth pressure on the top of the 

tunnel is the greatest, the right and left arch have the similar 

values in the earth pressure. 

• In the same cross-section, maximal strains were got 

outside the left and right arch. The strain on the crown of 

the arch is the intermediate one and that of the inverted arch 

is the smallest one. The perpetual strains at the cross-section 

which located in the hanging wall are greater than those of 

the corresponding positions in the foot wall. 
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