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Abstract. A physical test model of a new lining structure for a shallow double-arch tunnels under 
unsymmetrical pressure with a scale of 1:20 was designed and manufactured. Kobe seismic waves 
and EI seismic waves were selected as the loading waves and a large-scale shaking table test was 
carried out. The acceleration and dynamic strain response of shallow double-arch tunnels under 
unsymmetrical pressure under different seismic wave types and seismic intensities are studied. 
The results show: Under different seismic wave excitations, only the horizontal acceleration 
amplification factor of the left-hole vault, right-hole invert and the top right of the mid-partition 
is less than 1, and the horizontal acceleration amplification factors of other measurement points 
are all greater than 1. The measurement points with relatively large horizontal acceleration 
response are the left-hole shoulder, the top left of the mid-partition, the right-hole vault and 
shoulder; The overall response of the right half-arch of the left-hole is greater than the left 
half-arch of the left-hole, and the overall response of the left half-arch of the right-hole is greater 
than the right half-arch of the right-hole. The measured points in the left half-arch of the left-hole 
and the right half-arch of the right-hole have small differences in acceleration response; The 
effects of Kobe wave on horizontal acceleration and vertical acceleration are greater than EI wave, 
and the average value of the vertical acceleration response of the lining is greater than the average 
value of the horizontal acceleration response. With the increase of seismic intensity, the larger the 
acceleration amplification factor is, the greater the increase is; Under the action of different 
seismic waves, the seismic wave excitation has a greater impact on the dynamic strain response 
of the left-hole, and less impact on the right-hole. Among them, the strain value of the left-hole 
shoulder, left-hole invert and the top left of the mid-partition is much larger than the other 
measurement points, the trend of the right-hole is relatively gentle, and the strain values of the 
shoulder are slightly larger. The research conclusions have certain guidance and reference value 
for the seismic design of shallow double-arch tunnels under unsymmetrical pressure. 
Keywords: tunnel engineering, double-arch tunnel, shaking table test, acceleration response laws, 
dynamic strain response. 

1. Introduction 

Multi-arch tunnels have the advantages of smooth plane alignment and small occupation area, 
and they are increasingly used in engineering. An earthquake is a natural disaster that is highly 
destructive and difficult to prevent, which has a huge impact on tunnel engineering. During the 
2008 Wenchuan earthquake, the Longxi Tunnel, Longdongzi Tunnel and Zipingpu Tunnel along 
the Duwen Expressway were severely damaged [1]. Once the tunnel is damaged, it is difficult to 
repair it [2, 3], so the study of the seismic response of the double-arch tunnel has become the 
forefront of many scholars. 

The structural internal forces of seismic response of shallow-buried large-span double-arch 
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tunnels and compared them with single-arch tunnels were solved by Yang et al. [4]. Huang [5] 
found that seismic response of a shallow-buried double-hole tunnel under anti-seismic measures. 
The effects of different grouting forms and grouting thickness on the double-arch tunnel in 
high-intensity earthquake zones were discussed by Wang et al. [6]. Wang [7] found that the law 
of seismic intensity and changes of surrounding rock parameters to the seismic dynamic response 
of double arch tunnel opening. Seismic dynamic response of a double-arch highway tunnel caused 
by horizontally propagating shear waves were studied by Ling et al. [8]. Guangyao Cui [9] etc. 
used FLAC3D finite element software to analyze the safety of double-arch double-arch tunnel 
under seismic load. In summary, the few research results of seismic response characteristics of 
double-arch tunnels currently obtained are basically realized by numerical simulation methods, 
and few large-scale shaking table tests are used for research. The shaking table test can truly 
reproduce the damage process of engineering structures caused by earthquakes. It is the most 
advanced research method today and deserves more in-depth research. 

Shallow double-arch tunnels under unsymmetrical pressure have thinner overlying soil layers 
and are asymmetrically stressed. The degree and frequency of earthquake damage are greater than 
those of ordinary tunnels, and they also have different seismic response characteristics than 
ordinary tunnels. In addition, studies by D. S. Kim and K. Konagai [10] show that the existence 
of a tunnel shock-absorbing layer can greatly reduce the effect of earthquakes on lining structures. 
In view of this, the research team developed a new lining structure for shallow buried biased 
double-arch tunnels based on the concept of a shock-absorbing layer and the mechanical properties 
of foamed concrete. That is, the foamed concrete material is used to combine the initial lining 
sprayed layer of the tunnel with the shock absorption layer to form a primary foamed concrete 
lining. The secondary lining is still made of reinforced concrete, as shown in Fig. 1. The new 
lining structure can not only reduce the seismic effect of the secondary lining of the tunnel, but 
also simplify the construction process and save engineering costs. In order to study the seismic 
response characteristics of this new lining structure, a new lining structure model of a shallow 
buried biased double-arch tunnel with a scale of 1:20 was designed and manufactured, and a 
large-scale shaking table test study was carried out. 

 
Fig. 1. Schematic diagram of the new lining structure 

2. Shaking table test scheme 

2.1. Test equipment 

In this model test, a three-direction, six-degree-of-freedom shaking table of the National 
Engineering Laboratory for High-Speed Railway Construction Technology of Central South 
University was used. The experimental system consists of a fixed station and two mobile stations. 
The main parameters are as follows: The table size is 4 m×4 m; the frequency is 0.1-20 Hz, the 
maximum load is 30 t; The maximum horizontal acceleration is ±1.0 g and the maximum vertical 
acceleration is ±1.6 g at full load. 
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Fig. 2. Test equipment 

2.2. Similarity design 

According to the similarity theory [11, 12], both the static and dynamic related parameters in 
the test must satisfy the similarity relationship, but it cannot be completely satisfied. Therefore, it 
is necessary to comprehensively consider factors such as the table size of the shaking table, 
performance parameters of various instruments, model boundary effects, and model making 
techniques. At the same time, due to the size of the tunnel structure model and the shallow buried 
environment, it is difficult to implement an artificial mass model, and the test content is to study 
the failure mechanism of the tunnel structure, so a gravity distortion model is used. The geometric 
similarity ratio in the main control amount of the model is 1:20, the density similarity ratio is 1:1 
and the acceleration similarity ratio is 1:1. The other main similarity constants are shown in 
Table 1. 

Table 1. Model similarity constants 
Physical parameters  Similarity relation Similarity ratio 

Length / m 𝐶௟ 20 
Density / Kg·m-3 𝐶௣ 1 

Elastic modulus / MPa 𝐶ா = 𝐶௟𝐶௣ 20 
Stress / KPa 𝐶ா 1 

Poisson’s ratio 𝐶ఓ 1 
Time / s 𝐶௧ = 𝐶௟଴.ହ 4.47 

Acceleration / m·s-2 𝐶௔ 1 
Displacement / mm 𝐶௨ = 𝐶௟ 20 

Velocity / m·s-1 𝐶௩ = 𝐶௟଴.ହ 4.47 
Frequency / Hz 𝐶ఠ 0.224 

2.3. Model box design and boundary conditions 

This test model box is a rigid model box with a size of 3.5 m (length) × 1.5 m (width) × 2.1 m 
(height). It has a rectangular parallelepiped structure and is fixed on the vibration table with bolts. 
Because this experiment is to transform the semi-infinite soil into a model box, the boundary 
problem is the focus of the experiment [13, 14]. In order to reduce the wave reflection at the 
boundary, a 10 cm thick polystyrene foam board is used as the flexible boundary in the 
measurement wall of the model box, and the lateral boundary wave is absorbed to simulate the 
boundary conditions of the soil. At the same time, in order to reduce the test error, a polyvinyl 
chloride film was pasted on the side to make it a slide boundary. At the bottom of the model box, 
in order to increase the friction between the bottom and the model, crushed stones with a diameter 
of 4 cm were laid, and then a layer of medium sand was used to fill the gaps between the crushed 
stones to prevent the model and the model box from sliding relative to each other during vibration. 
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2.4. Model making and materials 

According to multiple matching tests, micro-concrete with a material mixing ratio of 
1:7.83:1.64 (cement: sand: water) is used as the lining model material. The average compressive 
strength of the 100 mm micro-concrete cubic specimen is 2.5 MPa, in which medium coarse sand 
replaces coarse aggregate in concrete. The double-layer mesh reinforcement in the lining is 
simulated by a double-layer galvanized iron wire net. The diameter of double-layer galvanized 
iron wire net is 2 mm and the spacing is 1cm. The thickness of the lining vault is determined by 
the similar constant to be 3 cm, the thickness of the invert is 2 cm, and the foamed concrete is 
1 cm. And after many tests, the average strength of the 100 mm cubic specimen of foam concrete 
is 0.5 MPa, and the material ratio is 1:256.8:171.2:214:0.91 (fiber: cement: fly ash: water: foam). 
In the test, terrain factors caused unsymmetrical pressure, and the slope was about 1:1.2. The 
surrounding rock of tunnel is divided into upper and lower layers. The surrounding rocks of 
category-V (SRC V) of the upper level is simulated by sandy silty clay. The rock material ratio of 
the surrounding rocks of category-IV (SRC IV) of the lower level is 10:5:1 (barite powder: quartz 
sand: lithium base grease) The main parameters are shown in Table 2. 

 
Fig. 3. Lining model 

Table 2. Main parameters of surrounding rocks 

Surrounding rock level Bulk density,  𝛾 / (KN·m-3) 

Elastic 
modulus,  𝐸 / GPa 

Poisson’s 
ratio,  𝜇 

Internal 
friction angle,  Ф (°) 

Cohesion,  𝐶 / MPa 

Surrounding rock of 
category-IV (SRC IV) 20.3 0.118 0.32 32 0.03 

Surrounding rock of 
category-V (SRC V) 18.4 0.056 0.37 24 0.0087 

2.5. Sensor arrangement 

The data acquisition sensors used in this test are accelerometers (unidirectional) and strain 
gauges. Horizontal and vertical unidirectional accelerometers are arranged at each measuring 
point. The accelerometer model is 1221L-002, the range is ±20 m.s-2, the sensitivity is 2000 mv/g, 
the strain gauge is attached in the form of a 45° strain flower, the model is BX120-50AA, the 
resistance is 120±1 Ω, and the size is 58.2×6.5 mm, the sensitivity is 2.0±1 %. The layout method 
is as simple as possible on the premise of meeting the information collection, to avoid artificial 
structure surface caused by the layout of the instrument. According to the existing theories, the 
numerical simulation results and experimental research objectives are combined (all the measuring 
points are on the secondary lining). The mid-partition, vault, shoulder, arch foot and invert in the 
multi-arch tunnel are the key parts for stress and deformation. So the arrangement is shown in 
Fig. 2. The acceleration numbers are A1-A12, the first letter A represents the accelerometer, the 
strain gauges are S1-16, and S represents the strain gauge. 

2.6. Loading scheme 

Kobe wave and EI wave are selected as excitation waves in the test. Both 𝑋-direction and  
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𝑍-direction bidirectional loading methods are used. Loading conditions are shown in Table 3. The 
compression time ratio of seismic waves is 4.47. The time history curve and Fourier spectrum are 
shown in Fig. 6. As can be seen from the figure, the dominant frequency of Kobe wave is 2-4 HZ 
and 6 HZ, and the dominant frequency of EI wave is 0-1 HZ. According to the specification [15], 
since vertical and horizontal seismic waves rarely reach the acceleration peak at the same time, 
during the test, the vertical seismic wave takes 2/3 of the peak acceleration of the horizontal 
seismic wave for loading. The seismic intensity of the test was IV-X [16], so the corresponding 
accelerations were: 0.1 g, 0.2 g, 0.4 g, 0.6 g. Before the beginning of the test and after the end of 
the test, a white noise (denoted as WN-xz) was loaded for 60 seconds to observe the changes in 
the dynamic characteristics of the model. 

 
Fig. 4. Arrangement of acceleration measurement points 

 
Fig. 5. Arrangement of strain measurement points 

3. Analysis of shaking table test results for shallow double-arch tunnels under 
unsymmetrical pressure 

3.1. Acceleration response law of shallow double-arch tunnels under unsymmetrical 
pressure 

Prior to the analysis of acceleration dynamic response of a double-arch tunnel, two indexes of 
acceleration dynamic response peak value and acceleration amplification factor are used. The 
prescribed acceleration amplification factor is: when 𝑋 -direction and 𝑍 -direction acts 
bidirectionally, the 𝑋 -direction acceleration amplification factor is the ratio of the peak 
acceleration response in the horizontal direction of the measurement point to the horizontal 
acceleration response peak of the table, and the 𝑍-direction acceleration amplification factor is the 
ratio of the peak acceleration response in the vertical direction of the measurement point to the 
vertical acceleration response peak of the table. In the picture, the letter K stands for Kobe wave 
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and E stands for EI wave. 

Table 3. Shaking table model loading scheme 

Number Condition Peak acceleration / g 𝑋-direction 𝑍-direction 
1 WN-xz – – 
2 K-xz 0.1 0.067 
3 E-xz 0.1 0.067 
4 WN-xz – – 
5 K-xz 0.2 0.1333 
6 E-xz 0.2 0.1333 
7 WN-xz – – 
8 K-xz 0.4 0.267 
9 E-xz 0.4 0.267 
10 WN-xz – – 
11 K-xz 0.6 0.400 
12 E-xz 0.6 0.400 

 

 
a) Acceleration time history curve of Kobe wave 

 
b) Fourier spectrum of Kobe wave 

 
c) Acceleration time history curve of EI wave 

 
d) Fourier spectrum of EI wave 

Fig. 6. Time history curve and Fourier spectrum of acceleration 

3.1.1. Response law of horizontal acceleration of shallow double-arch tunnels under 
unsymmetrical pressure 

It can be seen from Fig. 7(a) that under Kobe seismic waves, only the left-hole vault, the 
right-hole invert and the top right of the mid-partition have amplification factors less than 1, and 
the acceleration amplification factors of other parts are all greater than 1. It shows that in addition 
to the left-hole vault, the right-hole invert and the top right of the mid-partition, all other points 
have amplifying effects on the seismic wave. And under different seismic intensities, the overall 
acceleration response of the tunnel has little difference in trend, which indicates that the seismic 
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waves under different seismic intensities have less influence on the horizontal acceleration 
amplification factor. In addition, the acceleration amplification factors of the left tunnel 
measurement points and the right tunnel measurement points are different in value and trend. The 
curve of left tunnel has a trend of increasing and decreasing, then increasing and decreasing, and 
the average acceleration amplification factor of the left tunnel is greater than the right tunnel. The 
reason is that the left tunnel has an enlarged effect on the acceleration amplification factor of the 
left tunnel when the soil cover is heavier. 

 
a) Kobe wave 

 
b) EI wave 

Fig. 7. Variation of the horizontal acceleration amplification factor under different seismic intensities 

The horizontal acceleration amplification factors of the right tunnel have a similar trend to the 
letter “N”. Among all the measuring points, the acceleration amplification factor of measuring 
point 10 is the largest, and the maximum value is 1.58. Among all measuring points, the 
acceleration amplification factor of measuring point 12 is the smallest, and the minimum value is 
0.56. This shows that in the presence of a slope in the right tunnel, the surrounding rock pressure 
is uneven compared to the left tunnel, and the bias increases the energy transmission of the seismic 
wave. 

Whether under Kobe wave or EI wave excitation, the overall trend of the tunnel is the same, 
indicating that the type of seismic wave has little effect on the acceleration amplification factor of 
the measurement point. At the same time, the measurement points with the largest acceleration 
response in the two figures are 3, 5, 9, 10, indicating that in the double-arch tunnel, the left-hole 
shoulder, the top left of the mid-partition, the right-hole vault, and the right-hole shoulder is the 
unfavorable part in the earthquake, so it should be specially fortified in the earthquake resistance. 
From the perspective of the surrounding rock, the double-arch tunnel is distributed between the 
surrounding rock of category-Ⅳ and Ⅴ. Compared with the measurement points in the 
surrounding rock category-Ⅴ and the measurement points at the junction of the fourth-fifth 
surrounding rock, the left tunnel measurement points 1, 2, 6 and the right tunnel measurement 
points 7, 11, 12 under the surrounding rock of category-Ⅳ are smaller and more stable under the 
seismic wave excitation, indicating that the higher the surrounding rock of a double-arch tunnel, 
the smaller the acceleration response of the corresponding lining when the seismic wave excites. 
A good surrounding rock can weaken the effect of the seismic wave. 

Fig. 8 shows the change rule of acceleration amplification coefficient of different measuring 
points under different seismic intensities, and it can be more intuitive to see the trend of each 
measuring point under different seismic intensities. 

It can be seen from Fig. 8 that under EI seismic wave excitation, the trend of each measuring 
points is approximately the same, which is the largest at 0.1 g, and then when the seismic intensity 
increases, the acceleration amplification factor decreases, and then slowly increases, indicating 
that under low intensity seismic waves, the lining will amplify the effect of seismic waves. The 
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trend under Kobe wave is more irregular, especially the left tunnel, which shows that under 
different surrounding rock pressures, the tunnel lining is greatly affected by Kobe wave and less 
affected by EI wave. 

 
a) Left tunnel 

 
b) Right tunnel 

Fig. 8. Variation rule of horizontal acceleration amplification factor at different measuring points 

The distribution of acceleration amplification coefficients of each measuring points under 
Kobe wave excitation is more discrete than that of EI wave excitation, indicating that the tunnel 
acceleration response is more intense under Kobe excitation, because Kobe wave has two 
dominant frequencies, which has more energy than EI wave. Among the measurement points of 
3, 9, 10 with larger acceleration amplification factor, the difference between the acceleration 
amplification coefficients under two different wave excitations is larger, and the difference 
between 4, 8, 11, 12 points is smaller. It shows that different seismic waves have different effects 
on different measuring points, and Kobe waves will aggravate the increasing degree to the 
measuring points that already have a larger amplification factor. At the same time, under the action 
of different seismic wave excitations, the difference of the left tunnel is larger, indicating that the 
seismic wave has a greater influence on the acceleration amplification factor of the measuring 
point when the soil cover is thicker. 

3.1.2. Response law of vertical acceleration of shallow double-arch tunnels under 
unsymmetrical pressure 

Compared with the horizontal acceleration response, the vertical acceleration response is more 
regular, Fig. 9. is the variation rule of the vertical acceleration amplification factor under different 
seismic intensities. It can be seen from the figure that except for the acceleration amplification 
factor of the measurement point 3 is less than 1, the other measurement points are all greater than 
1. It shows that all the measuring points of the tunnel lining, except the left-hole shoulder, have 
an amplification effect on the seismic wave. The reason that the right-hole shoulder is much larger 
than the left-hole shoulder may be that the right-hole shoulder is close to the slope, and the 
response of the slope under the seismic wave is coupled with the response of the tunnel lining 
under the seismic wave, which magnifies the acceleration response of the right-hole shoulder. At 
the same time, under the action of different seismic wave excitations, although the maximum 
difference of the magnification factor can reach 2.4 times, the trend of the acceleration response 
is similar. It shows that different seismic waves have a greater influence on the numerical value 
of the acceleration response of the lining, but have a smaller influence on the overall trend. 
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a) Kobe-xz 

 
b) EI-xz 

Fig. 9. Variation rule of vertical acceleration amplification factor under different earthquake intensities 

Under different seismic wave excitations, in addition to the left-hole shoulder, the acceleration 
amplification factor shows obvious symmetry in the vertical acceleration response of the left and 
right holes of the double-arch tunnel, and the difference in trend and value is relatively small. The 
trend of the acceleration response of the left tunnel shows a gradually increasing trend except for 
the arch shoulder. Under the Kobe wave excitation, the inflection point of the growth trend is the 
measurement point 5, and then decreases slightly, while under the EI wave excitation, the 
inflection point of the growth trend is the measuring point 4, and then it tends to be flat after the 
decline. 

The acceleration amplification factor in the right tunnel is basically opposite to the left tunnel, 
showing a gradual downward trend. Under Kobe wave excitation, it drops sharply after the 
measurement point 9, and then the downward trend gradually smooths, while under the EI wave 
excitation, the acceleration amplification factor has a “bunch” after the measurement point 9. The 
acceleration response under high-intensity seismic waves decreases, the acceleration response 
under low-intensity seismic waves increases, and then the overall acceleration response tends to 
gentle. 

Under different seismic waves, two regions of the left half-arch and the right half-arch appear 
obviously in the acceleration response of the double-arch tunnel.(For example, the measuring 
points 4, 5, and 6 of the left tunnel are the right half-arch area of the left tunnel, the other measuring 
points are the left half-arch area, the measuring points 7, 8, 9 of the right tunnel are the left 
half-arch area of the right tunnel, and the other measuring points are the right half-arch area.) The 
image shows that the overall response of the acceleration amplification factor of the right half-arch 
of the left tunnel is larger than that of the left half-arch of the left tunnel, and the overall response 
of the left half-arch of the right tunnel is greater than the right half-arch of the right tunnel. It 
shows that the interconnected lining of double-arch tunnel will amplify the degree of seismic wave 
excitation. In addition to the left-hole shoulder, the acceleration response of each measuring point 
is not much different in the specific half-arch area, such as the measuring points 4, 5, 6 under the 
right half-arch of the left tunnel and the measuring point 7, 8, 9 under the left arch of the right 
tunnel. 

The main reason is that the right arche of the left tunnel and the left arche of the right tunnel 
are connected to each other, and the seismic wave affects each other at the connection part of the 
tunnel, which causes the response of both sides to be amplified. In the anti-vibration engineering, 
the connection part of the tunnel can be specially set regionally. 
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a) Left tunnel 

 
b) Right tunnel 

Fig. 10. Variation rule of horizontal acceleration amplification factor at different measuring points 

It can be seen from Fig. 10 that under different seismic waves, after the increase of seismic 
intensity, the overall response of the tunnel gradually expands. The measuring points with the 
largest acceleration amplification factor are the measuring point 7 under Kobe wave and the 
measuring point 4 under EI wave, and the maximum values reach 3.67 and 1.67 respectively. The 
effect of the half-arch area is obvious when the Kobe wave is excited. The acceleration factor of 
the right half-arch of the left tunnel and the left half-arch of the right tunnel increase gradually 
from 0.1 g to 0.4 g, but after loading 0.6 g seismic wave, the growth trend becomes faster. The 
left half-arch of the left tunnel and the right half-arch of the right tunnel that are not in contact 
with each other, although the acceleration amplification factor fluctuates when the seismic 
intensity increases, the overall acceleration response does not change as much as other 
measurement points. It shows that under Kobe wave excitation, the larger the acceleration 
amplification factor, the faster the increase trend with the increase of seismic intensity. The 
acceleration response under the EI wave is relatively flat, and the growth trend is relatively slow 
but stable, and is less affected by the seismic intensity than the Kobe wave. When designing the 
earthquake resistance of the tunnel, the two adjacent half-arch of the tunnel lining should be taken 
as an integral anti-shock measure to achieve the best anti-shock effect. 

3.2. Dynamic strain response law of shallow double-arch tunnels under unsymmetrical 
pressure 

This paper mainly analyzes the tensile and compressive strain response of lining under Kobe 
wave and EI wave excitation. Because the magnitude and direction of the main stress of the lining 
are difficult to determine under the excitation of seismic waves, the strain gauges are affixed in 
the form of a 45 °triaxial spline to calculate the maximum and minimum values of the main strain. 
Then, Eqs. (1) and (2) [17] calculate the maximum principal strain and the minimum principal 
strain: 

𝜀𝑀𝐴𝑋 = 12 ቈ𝜀𝑥 + 𝜀𝑦 − ට2ൣ(𝜀𝑥 − 𝜀𝑢)2 + (𝜀𝑢 − 𝜀𝑦)2൧ ቉, (1)

𝜀𝑀𝐼𝑁 = 12 ቈ𝜀𝑥 + 𝜀𝑦 − ට2ൣ(𝜀𝑥 − 𝜀𝑢)2 + (𝜀𝑢 − 𝜀𝑦)2൧቉, (2)

where 𝜀ெ஺௑ – maximum principal strain, 𝜀ெூே – minimum principal strain, 𝜀௑ – 𝑥 direction strain, 
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𝜀௒ – 𝑦 direction strain, 𝜀௨ – 45°direction strain. 
The maximum principal strain is tensile strain and the value is positive. The minimum principal 

strain is compressive strain and the value is negative. 

 
a) 0.1 g 

 
b) 0.2 g 

 
c) 0.4 g 

 
d) 0.6 g 

Fig. 11. Variation trend of the peak strain 

It can be seen from Fig. 11. that under the influence of different seismic waves, the change law 
and value of strain are basically the same, indicating that the seismic wave has little effect on the 
strain of the tunnel. With the gradual increase of the intensity, the strain value of the measuring 
point also gradually increases, but the value of most of the strain does not exceed 200 με, 
indicating that the seismic intensity has little effect on most of the measuring point. The reason 
may be that the strain of the tunnel lining has been in the process of elastic deformation and has 
not produced enough plastic deformation. Among them, the measuring points with greater 
response are the left tunnel arch, the left-hole shoulders and the top left of the mid-partition. The 
maximum value of the top left of the mid-partition reaches 885 με, which has caused damage, 
indicating that these places have weak seismic resistance. 

The trend of the left tunnel is more obvious, there are three peaks, the trend of the right tunnel 
is relatively gentle, the strain values of the left and right arch shoulders are slightly larger. It shows 
that under different seismic waves, seismic wave excitation has a greater impact on the left tunnel 
and a smaller effect on the right tunnel. The reason may be that the left tunnel is covered with 
heavy soil and the surrounding rock pressure is high, while the right tunnel is weakened by the 
coupling of lining and slope, which reduces the effect of seismic waves. It shows that the dynamic 
strain response is greatly affected by the location and the surrounding rock pressure. 

The tensile and compressive strains of the tunnel show an obvious symmetrical trend, 
indicating that the tunnel may always be in the tensile and compressive load cycle when it is in an 
earthquake state. The tensile strain is greater than the compressive strain, indicating that the lining 
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is mainly affected by the tensile strain, but the tensile capacity of concrete is less than the 
compression capacity, indicating that the tunnel lining is more susceptible to earthquake disasters, 
so pay attention to enhancing the tensile strength of the lining. 

Figs. 12 and 13 are the time-history curves of the strain response of the measuring point 2 and 
the measuring point 12 when the seismic intensity is 0.6 g. It can be seen from the figure that 
under the seismic wave excitation, the strain values in three directions are not all returned to zero, 
the reason is that the measuring point has been permanently deformed after multiple seismic  
waves. 

 
a) 𝑥-time curve 

 
b) 𝑦-time curve 

 
c) 𝑧-time curve 

Fig. 12. Time history curve of strain measurement point 2 under Kobe wave 

4. Conclusions 

1) Under different seismic wave excitations, only the left-hole vault, the righ-hole invert and 
the top right of the mid-partition have amplification factors less than 1, and the acceleration 
amplification factors of other measuring point are all greater than 1. The measuring points with 
large acceleration response include the left-holel shoulder, the top left of the mid-partition, the 
right-hole vault and the shoulder. These places are the unfavorable parts in the earthquake and 
should be specially fortified in the earthquake reduction and earthquake resistance. 

2) The vertical acceleration response of the double-arched tunnel clearly appears in the left half-
arch and the right half-arch. In the case where the left half-arch and the right half-arch are connected 
to each other by the mid-partition, the seismic wave is refracted and reflected at the connecting part 
to cause the superposition of the seismic wave, which causes the response of both sides to be 
amplified. The overall response of the left half-arch of the left tunnel is greater than the left half-arch 
of the left tunnel, and the overall response of the left half-arch of the right tunnel is greater than the 
right half-arch of the right tunnel. The measured points in the left half-arch of the left tunnel and the 
right half-arch of the right tunnel have small differences in acceleration response. 
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a) 𝑥-time curve 

 
b) 𝑦-time curve 

 
c) 𝑧-time curve 

Fig. 13. Time history curve of strain measurement point 12 under EI wave 

3) The effect of Kobe wave on horizontal acceleration and vertical acceleration is greater than 
EI wave, and the average value of the vertical acceleration response of the lining is greater than 
the average value of the horizontal acceleration response. With the increase of seismic intensity, 
the larger the acceleration amplification factor is, the greater the increase is. 

4) The dynamic strain response is greatly affected by the surrounding rock pressure. The left 
tunnel is covered with heavy soil and the surrounding rock pressure is greater, while the right 
tunnel is near the slope and the surrounding rock pressure is smaller. Under the action of different 
seismic waves, the seismic wave excitation has a greater impact on the dynamic strain response 
of the left tunnel, and the right tunnel has less impact. Among them, the strain value of the left-hole 
shoulder, left-hole invert and the top left of the mid-partition is much larger than the other 
measurement points, the trend of the right tunnel is relatively gentle, and the strain values of the 
left tunnel and right tunnel shoulders are slightly larger. 
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