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Abstract

:

The dynamic interaction between the ground fissure and an oblique two-section horseshoe-shaped subway tunnel under the subway dynamic load was investigated based on a series of model tests in this study. The results indicated that the subway subway-induced vibration attenuated in different degrees when propagating in the directions in the soil layer, while the ground fissure had an attenuation effect on subway vibration. Furthermore, the vibration of the soil layer below the tunnel near the ground fissure was stronger than that of the upper soil layer, and the vibration response at the tunnel bottom was stronger than that of the arch waist and the tunnel crown. The additional contact pressure between the tunnel bottom and the soil was relatively large when the ground fissure was not active, while the additional strain at the top and bottom of the tunnel caused by the excitation was small. Moreover, when the hanging wall of the ground fissure descended, the additional contact pressure at the tunnel crown in the hanging wall and the tunnel bottom in the footwall significantly increased, and a negative additional stain was identified at those two positions. Meanwhile, a positive additional stain was identified at the tunnel crown in the footwall and the tunnel crown in the hanging wall, increasing with the descent of the hanging wall.
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1. Introduction


The dynamic interaction between the ground fissure and subway tunnel attracted much attention after the operation of the Xi’an subway in China, which is of great significance to the long-term sustainability and vibration effect prevention of the subway. Recently, much effort has been paid to the dynamic impacts of subway-travelling-induced vibration on the tunnel structure and the propagation process of vibration in the soil stratum [1,2,3,4,5,6,7,8,9,10,11,12,13]. Nevertheless, Xi’an subway has special features in terms of geological settings and tunnel structure: (1) a total of 14 active ground fissures were identified in Xi’an, and the operated subway was in the special geological condition of active ground fissures. (2) Segmented tunnel structures were selected for the Xi’an subway to ensure its safe operation. The comprehensive interaction between the ground fissures and segmented tunnel structure eventually caused a relatively complicated propagation for the subway-induced vibration.



Yuan et al. [14,15] performed a dynamic model test for the scenario that the ground fissure was orthogonal to the horseshoe-shaped tunnel, and analyzed the mutual influence of subway tunnels, stratum, and ground fissures under the action of traffic load. The model results helped reveal the dynamic response of monolithic and segmented tunnels under the complied action of active ground fissures and traffic loads. Yang et al. [16,17] established a tunnel–ground fissure–stratum interaction model with different lining types to investigate the basic characteristics of soil vibration adjacent to the ground fissure, and the influence of the size and shape of the tunnel section on the vibration response. Yang et al. [18] analyzed the dynamic response among the ground fissure, subway tunnel, and surrounding rock under subway vibration load through the physical model test under the condition that the ground fissure and the shield tunnel were orthogonal. Although these studies focused on the interaction between ground fissures and the dynamic response of subway tunnel via model test, very few works have been conducted on the dynamic effect of traffic loading on the subway tunnel with the impact of ground fissures, especially for the scenario that the ground fissure is obliquely intersected with a subway tunnel.



This study performed a model test to investigate the dynamic interaction characteristics of ground fissures and an oblique two-section horseshoe-shaped subway tunnel under a dynamic subway load.




2. Experimental Design and Scheme


2.1. Test Principle


The similarity relationship between the model and the prototype was determined based on the geological setting and test equipment. The soil layer and the tunnel model were made separately and the ground fissure was set up in advance. The ground fissure activity was modeled by controlling the soil settlement in the hanging wall while the vibration exciter was used to simulate the vibration of the subway, and then the dynamic responses of the subway tunnel under the action of vibration load were investigated when the subway and the ground fissure crossed obliquely. Furthermore, the stress and strain of the tunnel structure were tested using pressure boxes and strain gauge, respectively, while the subway vibration was tested by accelerometer. The schematic diagram of the test model is shown in Figure 1. The intersection angle between the ground fissure and the tunnel axis is 60°, and the dip angle of the ground fissure is 80°. The subway tunnel structure is two-section.



The model test in this study was performed in a model box, as shown in Figure 2 and Figure 3. The maximum allowable model size is 2.0 m (length) × 1.6 m (width) × 1.2 m (height), and the modeled tunnel obliquely crossed the ground fissure at an angle of 60°. The bottom plate of the model box was divided into 2 pieces and 5 lifting jacks were installed at the bottom plate of the hanging wall to simulate its settlement. Additionally, in order to reduce the friction between the soil layer and the model wall, two layers of polystyrene plastic film were laid on the inner wall of the model box, and talcum powder was spread between the two layers of plastic film.




2.2. Design of Similarity Scale


The subway prototype used in this study is the horseshoe-shaped tunnel structure of Xi’an Subway Line 2 that crosses the ground fissure, with a height of 9.55 m and a buried depth of 20 m. The geometric similarity (Cl) and elastic modulus similarity (CE) were set as 20 and 1.5, respectively. The other similar relationships were calculated according to the similar criteria π [19], as shown in Table 1.




2.3. Model Materials


2.3.1. Stratum


The Xi’an subway is mainly buried in the Chinese loess–paleosol sequences. In order to better restore the soil properties [20,21,22], the material for the model test was mixed with barite powder, cohesive soil, and river sand with a proportion of 55:30:10:5.




2.3.2. Ground Fissure


Ground fissures were pre-set in the physical model, with a width of 10 mm and an inclination of 80°. In the process of filling the soil mass by layer, a 10 mm thick partition was buried at the pre-set position of the ground fissure, and then both sides of the partition were filled with soil. Afterwards, partition was moved after the soil was compacted and eventually formed fissure was filled with silty fine sand.




2.3.3. Tunnel Structure


The model tunnel was designed to be 47.75 cm high, 47 cm wide, and 2.75 cm thick, according to the similar relationship with the prototype. The concrete C15 was selected for the model with an overall length of 1.8 m. Furthermore, 38 Φ2 steel bars were set in the longitudinal direction with a spacing of 40 mm, and 86 Φ2 steel bars were set in the transverse direction with a spacing of 20 mm. The detailed information about the tunnel cross-section is presented in Figure 4.





2.4. Subway-Induced Vibration Load


Xi’an Subway Line 2 is composed of 6 segments with a wheelset load (P0) of 160 kN. In this study, vibration exciters were used to generate the vibration load. In order to make the generated vibration load match the actual situation well, two parallel rails, which were connected by a steel beam, were installed at the bottom of the tunnel, and the vibration exciter was fixed on the steel beam to transmit a relatively even vibration load to the two rails. The exciter-induced force (F(t)) can be expressed as:


  F  t  =   100  2  [ 1 + sin   2 π f t −  π 2    ]  



(1)




where t is the time step, and f is the frequency, which was set to be 10 Hz in the test according to the suggested value from previous investigation in Xi’an [23].



Taking into account the variation of the train position during the movement process, 2 vibration exciters were set inside the tunnel at a distance of 60 cm and 100 cm from the right margin (Figure 5) of the tunnel.




2.5. Measurement Equipment


2.5.1. Acceleration Measurements


The acceleration was tested using the LC0801 strain-type accelerometer with a range of ±10 g, a frequency range of 0–200 Hz, and a sensitivity of 90 με/g. The measurement accuracy is 1%. A total 10 accelerometers were embedded in the central axis section of the tunnel, with a height of 15 cm, 25 cm (tunnel bottom), and 72.75 cm (tunnel crown), respectively. The detailed locations of accelerometers are presented in Figure 5.




2.5.2. Earth Pressure in the Soil


The earth pressure was tested based on the ZFCY180 earth pressure cell. Three layers of pressure cells were embedded at the positions where the filling height of the soil layer was 15 cm, 50 cm, and 85 cm. The detailed locations of pressure cells are presented in Figure 6.




2.5.3. Contact Pressure between the Tunnel and Soil Mass


In order to measure the variation of the contact pressure between the soil and the tunnel, two circles of ZFCY180 earth pressure cells (8 cells in each circle) were installed in the tunnel on both sides of the ground fissure, as shown in Figure 7.




2.5.4. Strain of the Tunnel


Two groups of BX120-5AA strain gauges (each with 10 gauges) were set at the crown and bottom of the tunnel, respectively, to measure the strain of the tunnel structure, as shown in Figure 7.






3. Results and Discussion


3.1. Acceleration Response of Soil


3.1.1. Dynamic Response at Different Depth


The results from test points of A3, A7, and A10 in the hanging wall, and A2, A6, and A9 in the footwall were analyzed to investigate the dynamic response at different embedded depth. Figure 8 and Figure 9 show the acceleration time series and the peak acceleration curve at test points under 10 Hz excitation at 60 and 100 cm from the right margin of the tunnel. When the vibration exciter at 60 cm works, the peak acceleration at points A6 and A7 (0.06 and 0.13 m/s2, respectively) is obviously higher than that at A2 and A3 (0.04 and 0.11 m/s2, respectively), indicating the attenuation effect of the soil layer on the subway-induced vibration. Meanwhile, peak acceleration at points A9 and A10 at the tunnel crown is quite low in such a condition, with values of 0.02 and 0.08 m/s2, respectively. When the vibration exciter at 100 cm works, the test results show a similar variation as the test points at the tunnel bottom, which show the largest peak acceleration, and the points at the tunnel crown and 10 cm below the tunnel bottom, which show the decreasing peak acceleration. In general, the soil acceleration attenuates both upward and downward from the vibration exciter with the maximum value at the tunnel bottom.



Figure 10 and Figure 11 show the acceleration time series and peak acceleration of test points (A2, A3, A6, A7, A9, A10) under the combined impact of the ground fissure descending (1 cm) and 10 Hz excitation at 60 and 100 cm from the right margin of the tunnel. Results show a complicated stress state for soil and tunnel near the ground fissure because of the oblique intersection between the ground fissure and tunnel.



In the central axis section of the tunnel, voiding and compacting phenomena between the tunnel and soil mass are identified near the ground fissure. Among them, the tunnel bottom in the hanging wall and the tunnel crown in the footwall are voided from the soil, while the tunnel crown in the hanging wall and the tunnel bottom in the footwall are compacted with the soil. Moreover, the variation of the contact state between the tunnel and soil also affects the propagation process of vibration. When the vibration exciter at 60 cm from the right margin of the tunnel works, the test points of A6 and A2 that are below the tunnel in the hanging wall present a decreasing acceleration (0.04 and 0.02 m/s2, respectively) due to the impact of the partial void, while the compaction causes the increase in acceleration at point A9 (0.03 m/s2). Similarly, A7 and A3 test points at the tunnel bottom in the footwall show a decreasing peak acceleration (0.14 and 0.12 m/s2, respectively), while the A10 point shows an increasing one (0.07 m/s2). Additionally, the test results of the scenario that the vibration exciter at 100 cm works also show a similar variation, except for a higher peak acceleration in the compaction region and a lower acceleration in the voiding region.



In summary, for a two-section subway tunnel, the peak acceleration of soil shows the maximum value near the tunnel bottom and decreases with the increase in distance from the vibration exciter. The soil acceleration attenuates from the vibration exciter to both sides in the vertical direction. Notably, the movement of the ground fissure only causes the variation in the acceleration value, but has no effect on its attenuation law.




3.1.2. Dynamic Response Longitudinal along the Tunnel


The test results of points A5, A6, and A7 at the tunnel bottom (named survey line 1) and points A1, A2, and A3 at 10 cm below the tunnel bottom (named survey line 2) were analyzed to investigate the dynamic response longitudinal along the tunnel. Figure 12 and Figure 13 show the acceleration time series and peak acceleration at these two survey lines under 10 Hz excitation at 60 and 100 cm from the right margin of the tunnel. When the vibration exciter at 60 cm works, the A7 point, which is closest to the excitation point, shows the largest acceleration, followed by A8, while the points A5 and A6, which are located in the hanging wall, show a lower value. The test results of points at 10 cm below the tunnel bottom show a similar variation. Additionally, when the vibration exciter at 100 cm (in the hanging wall) works, the A6 point, which is closest to the vibration exciter, shows the largest acceleration, followed by A5, while the points A7 and A8, which are located in the footwall, show a lower value. Similar variation is observed at 10 cm below the tunnel bottom. The results indicate the great contribution of ground fissure to the vibration attenuation. Interestingly, similar reduction amplitude of acceleration is identified in the above two scenarios, indicating the even attenuation of acceleration when crossing the ground fissure in both directions.



Figure 14 and Figure 15 show the acceleration time series and peak acceleration of points along the above two longitudinal survey lines under the combined impact of the ground fissure descending (1 cm) and 10 Hz excitation at 60 and 100 cm from the right margin of the tunnel. Test results indicate similar variation to that of an inactive ground fissure. Nevertheless, when the vibration exciter at 60 cm (in the footwall) works, the peak acceleration difference between the test points on both sides of the ground fissure further increases compared to the scenario that with an inactive ground fissure. Furthermore, an opposite phenomenon is identified when the vibration exciter at 100 cm (in the hanging wall) works, indicating a more significant vibration attenuation under the impact of the ground fissure descending than propagation through a ground fissure from the footwall to the hanging wall.





3.2. Dynamic Response of Earth Pressure


Figure 16, Figure 17 and Figure 18 show the additional earth pressure at different depths under the 10 Hz excitation. Here, the additional earth pressure implies the difference in earth pressure before and after the application of the excitation load. Positive earth pressure is observed in all the survey lines when the ground fissure is inactive, and the earth pressure increases with the embedded depth. According to the test results, the main reasons for such a phenomenon can be deduced as: (1) the static earth pressure increases with the buried depth and (2) the distance of the three layers (from bottom to top) to the vibration exciter increases in sequence, and, thus, the impact of vibration decreases in sequence. Furthermore, in the longitudinal direction of the tunnel, the additional earth pressure on the same side as the vibration exciter is greater than that on the other side as the earth pressure significantly decreases when crossing the ground fissure, while the maximum additional earth pressure in the vertical direction is identified near the tunnel axis.



Figure 19, Figure 20 and Figure 21 depict the additional earth pressure at different depths due to the descending of the ground fissure hanging wall (1 cm). The additional earth pressure at the height of 15 cm (10 cm below the tunnel) in the hanging wall is basically 0 because of the generated voids between the tunnel and the underlying soil. The additional earth pressure in the footwall increases compared with the condition of the inactive ground fissure, and the largest additional earth pressure is identified at the axis of the tunnel. This phenomenon is caused by the compaction between the tunnel (in the footwall) and the underlying soil under the action of vibration. Furthermore, when the working vibration exciter varies from 60 cm (in the footwall) to 100 cm (in the hanging wall), the additional earth pressure in the footwall is reduced because of the larger distance from the excitation point.



The test results of the two survey lines with a height of 50 cm show a huge difference in earth pressure between the hanging wall and footwall. Negative values are observed in the hanging wall, indicating the slight decreasing earth pressure caused by vibration in this region. Additionally, the additional earth pressure in the footwall shows a larger value, yet it decreases when the vibration exciter moves from the footwall to the hanging wall.



The test results of additional earth pressure at 85 cm (~12 cm above the tunnel) indicate a quite different variation from the upper two layers. The measured additional earth pressure at survey line P3-2 shows a positive value in the hanging wall while showing a negative value in the footwall. It is due to the fact that when the active ground fissure descends from the original place, the tunnel in the hanging wall compacts the upper soil and the footwall tunnel voids from the upper soil. This phenomenon is further exacerbated by the vibration load. Moreover, the additional earth pressure at the P3-1 and P3-3 survey lines (at the two sides of the tunnel) highly agrees with that of the soil at 15 cm and 50 cm height from the model bottom. The additional earth pressure is relatively small in this region because of the shallow buried depth and weak vibration impact.




3.3. Dynamic Response of Tunnel Contact Pressure


The circumferential additional contact pressure of the tunnel is presented in Figure 22. When the hanging wall stays in place, the tunnel bottom shows a relative larger contact pressure compared with the tunnel crown, while the minimum additional contact pressure is identified on both sides of the tunnel. Furthermore, a relatively larger additional contact pressure is also identified at the place on the same side as the vibration exciter.



Further investigating shows the variation in circumferential additional contact pressure when the hanging wall of the ground fissure descends. The additional contact pressure at the tunnel crown slightly increases in such a scenario, while that at the tunnel bottom greatly decreases, even to a negative value. Among the scenarios, the huge decrease in the additional contact pressure is identified when the vibration exciter at 100 cm works. Furthermore, an increase in the additional contact pressure at the tunnel bottom and a decrease at the tunnel crown in the footwall is observed, and the maximum variation is reached when the vibration exciter at 100 and 60 cm works, respectively, for the two places. Notably, the descent of the hanging wall shows insignificant impact to the contact pressure on both sides of the tunnel.




3.4. Dynamic Response of Tunnel Strain


Figure 23 and Figure 24 show the maximum longitudinal additional strain at the crown and bottom of the tunnel under the 10 Hz excitation from 60 and 100 cm. Results show a neglected additional strain at the tunnel crown when the ground fissure stays in place (nearly 0), as shown in Figure 23. Moreover, after the hanging wall of the ground fissure descends from the original place, a negative additional strain develop at the tunnel crown in the hanging wall (compression), while a slight positive additional strain is identified at the tunnel crown in the footwall (tension). This is due to the existence of the tunnel section. The downward force of the soil only affects the local region that is near the ground fissure, and, thus, causes a relatively low additional strain. Test results at the tunnel bottom (Figure 24) show that the excitation-induced additional strain at the tunnel bottom is quite small when the hanging wall of ground fissure stays in place. When the hanging wall of the ground fissure descends from the original place, a positive additional strain is generated at the tunnel bottom in the hanging wall, and a small strain is measured at the tunnel bottom in the footwall.





4. Conclusions


In this study, a physical model test is performed to investigate the dynamic interaction between the ground fissure and an oblique two-section horseshoe-shaped subway tunnel under the subway dynamic load. The main conclusions are drawn as follows:




	(1)

	
The vibration-induced soil acceleration attenuates when crossing the ground fissure and the degree of attenuation has nothing to do with the propagation direction (from one side of the ground fissure to the other side). Nevertheless, for the scenario that the hanging wall of the ground fissure descends from the original place, a more significant attenuation is observed when the vibration propagates from the footwall to the hanging wall, while the enhancement phenomenon is observed with an opposite propagation direction;




	(2)

	
The vibration near the ground fissure is stronger in the soil layer below the tunnel than that of the upper soil layer. The rapid attenuation of vibration intensity is identified when the vibration propagates from the lining to the lower and the upper stratum;




	(3)

	
The additional contact pressure at the tunnel bottom is relatively larger than that at the tunnel crown when the hanging wall of the ground fissure does not move, and the minimum value is identified on both sides of the tunnel. A relatively larger additional contact pressure is also identified at the place on the same side as the vibration exciter. Additionally, when the hanging wall moves downward, an increase in additional contact pressure is observed at the tunnel crown in the hanging wall, while that at the tunnel bottom significantly decreases to a negative value. The additional contact pressure at the tunnel bottom in the footwall increases in such a condition, and that at the tunnel crown nearly decreases to zero. Notably, the additional contact pressure at the tunnel bottom decreases with the movement of vibration exciter from the footwall to the hanging wall, and the movement of the ground fissure has little effect on the additional contact pressure on both sides of the tunnel;




	(4)

	
The excitation-induced additional strain at the crown and bottom of the tunnel are approximately zero with a condition of an inactive ground fissure. When the hanging wall of the ground fissure descends from the original place, negative and positive additional strain is identified at the crown and bottom of the tunnel in the hanging wall, respectively, implying a compression state. Meanwhile, positive and negative additional strain is observed at the crown and bottom of tunnel in the footwall, respectively, implying a tensile state.
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Figure 1. Test model (unit: cm): (a) schematic diagram of test model; (b) profile of the test model. 
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Figure 2. Schematic diagram of the model box: (a) front view of the model box; (b) side view of the model box. 
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Figure 3. Schematic diagram of the bottom plate (unit: mm): (a) design of the bottom plate; (b) view of the spliced bottom plate. 
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Figure 4. Section diagram of tunnel model (unit: cm). 
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Figure 5. Layout of vibration exciters and accelerometers (unit: cm). 
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Figure 6. Layout of pressure cells in the soil (unit: cm): (a) elevation view of pressure cells layout; (b) top view of pressure cells layout at the height of 15 cm; (c) top view of pressure cells layout at the height of 50 cm; (d) top view of pressure cells layout at the height of 85 cm. 
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Figure 7. Layout of pressure cells and strain gauges on the subway tunnel (unit: cm). 
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Figure 8. Acceleration time series of the two-section subway tunnel under the scenario of inactive ground fissure: (a) vibration exciter at 60 cm; (b) vibration exciter at 100 cm. 
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Figure 9. Peak acceleration curves under the scenario of inactive ground fissure: (a) vibration exciter at 60 cm; (b) vibration exciter at 100 cm. 
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Figure 10. Acceleration time series under the scenario of hanging wall descend 1 cm: (a) vibration exciter at 60 cm; (b) vibration exciter at 100 cm. 






Figure 10. Acceleration time series under the scenario of hanging wall descend 1 cm: (a) vibration exciter at 60 cm; (b) vibration exciter at 100 cm.



[image: Applsci 12 10472 g010a][image: Applsci 12 10472 g010b]







[image: Applsci 12 10472 g011 550] 





Figure 11. Peak acceleration curves under the scenario of hanging wall descend 1 cm: (a) vibration exciter at 60 cm; (b) vibration exciter at 100 cm. 
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Figure 12. Acceleration time series under the combined impact of inactive ground fissure and 10 Hz excitation: (a) vibration exciter at 60 cm; (b) vibration exciter at 100 cm. 
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Figure 13. Peak acceleration curves under the combined impact of inactive ground fissure and 10 Hz excitation: (a) vibration exciter at 60 cm; (b) vibration exciter at 100 cm. 
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Figure 14. Acceleration time series under the combined impact of hanging wall descending (1 cm) and 10 Hz excitation: (a) vibration exciter at 60 cm; (b) vibration exciter at 100 cm. 
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Figure 15. Peak acceleration curves under the combined impact of hanging wall descending (1 cm) and 10 Hz excitation: (a) vibration exciter at 60 cm; (b) vibration exciter at 100 cm. 
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Figure 16. Additional earth pressure at 15 cm height under the scenario of inactive ground fissure: (a) vibration exciter at 60 cm; (b) vibration exciter at 100 cm. 






Figure 16. Additional earth pressure at 15 cm height under the scenario of inactive ground fissure: (a) vibration exciter at 60 cm; (b) vibration exciter at 100 cm.
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Figure 17. Additional earth pressure at 50 cm height under the scenario of inactive ground fissure: (a) vibration exciter at 60 cm; (b) vibration exciter at 100 cm. 
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Figure 18. Additional earth pressure at 85 cm height under the scenario of inactive ground fissure: (a) vibration exciter at 60 cm; (b) vibration exciter at 100 cm. 
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Figure 19. Additional earth pressure at 15 cm height under the scenario of hanging wall descending (1 cm): (a) vibration exciter at 60 cm; (b) vibration exciter at 100 cm. 
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Figure 20. Additional earth pressure at 50 cm height under the scenario of hanging wall descending (1 cm): (a) vibration exciter at 60 cm; (b) vibration exciter at 100 cm. 
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Figure 21. Additional earth pressure at 85 cm height under the scenario of hanging wall descending (1 cm): (a) vibration exciter at 60 cm; (b) vibration exciter at 100 cm. 






Figure 21. Additional earth pressure at 85 cm height under the scenario of hanging wall descending (1 cm): (a) vibration exciter at 60 cm; (b) vibration exciter at 100 cm.
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Figure 22. Distribution of the circumferential additional contact pressure: (a) vibration exciter at 60 cm; (b) vibration exciter at 100 cm. 
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Figure 23. Distribution of the maximum longitudinal additional strain at the tunnel crown: (a) vibration exciter at 60 cm; (b) vibration exciter at 100 cm. 
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Figure 24. Distribution of the maximum longitudinal additional strain at the tunnel bottom: (a) vibration exciter at 60 cm; (b) vibration exciter at 100 cm. 
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Table 1. Similitude ratio of the model test.






Table 1. Similitude ratio of the model test.





	
Parameter

	

	
Scaling Factor

	




	

	

	
Tunnel Structure

	
Soil Mass






	
Geometry

	
Length l

	
20

	




	

	
Area A

	
400

	




	

	
Distance u

	
20

	




	

	
Elastic modulus E

	
1.5

	




	

	
Deformation modulus

	

	
20




	
Material

	
Strain ε

	
1

	
1




	

	
Stress σ

	
1.5

	
20




	

	
Poisson’s ratio μ

	
1

	
1




	

	
Density ρ

	
1

	
1




	

	
Cohesion C

	

	
20




	
Load

	
Concentrated force F

	
600

	




	

	
Surface load q

	
1.5

	




	

	
Mass m

	
8000

	




	
Dynamic

	
Time t

	
16.9

	




	

	
Frequency ω

	
0.06

	




	

	
Velocity v

	
1.2

	




	

	
Acceleration a

	
0.1

	

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file8.jpg
110)

72.75|

Hanging wall

Footwall

1015

Accelerometer





media/file48.jpg
= TEE
SRR . S
TR gy e
SRR S e
vt E s
.
ST E T s Ao e A e 6 & & e o e 7 e w0 ds
"Pressure box dockwise position(*) Pressure box dlockwise position(*)

(a)





media/file27.png
0.15 5

-0.12

(b)

|1 <
< 8 <
—
< B <
o~ B
? <
7 Re
- B
- <+
%)
- N
T T T "1 T T i I T T T T
8 8 8§ 88 8 8 & & 2 e o 83 8 8 8 8 8 8
© ©o o o o 9Q Q 9 9 9 O ©o ©o o o o 9 o o
((S/U) UOLRIR[R00Y — (,S/UX) UONRIS[Q0Y
S 4 .
-2 ~—"
(]
<
7 - o
(o] N N
< o <
NS (]
< <
- ©
7 ) 7
|5m ©
= <
- i
)
- N
T T 71 L B © | —_—
L N @ © O 9O ® ©W @ o L N @ © O O 9 ©W @
< - © © © 9 8 o o . = < - & 9o © © © o o
O © ©o o ©o o ©o © ©o © o O 86 ©o o ©o o o o o

-0.12

(S) UOIBIS[300Y Amm\quouSo__ooo<

-0.15





media/file43.png
(0]
L1
(o¢]
1

Hanging wall Footwall

~
L 1
~
1

—a— P1-1

P12 Ground fgsure

—a—P1-3

o
1
(e}
L.

—a—P1-1
—e—P1-2
—a—P1-3

(&)
[

w
L

Additional earth pressure(kPa)
N

Additional earth pressure(kPa)
N EES

Hanging wall

Ground fissure

B
——
T

Footwall

40 30 20 -10 0 10 20 30 40 -0
Distance(cm)

(a)

-10 0
Distance(cm)

(b)

30





media/file21.jpg
Tt






media/file12.jpg
10|

72.75|

Pressure_cell
N





media/file14.jpg
it

T





media/file35.png
0.16 1 —=— Survey line at 0.16 7
| —a— Survey line at
the tunnel bottom A7 the tur):nel bottom
0.14 4 | —e— Survey line at 0.14 - —e— Survey line at
10cm below the tunnel A8 1 10cm below the tunnel
0.12 Ground fissure 0.12 4
& ’ N
n ' n ,
€ 0.10- A4 £ 010 ,:' .
— - : Ground fissure
5 S A6 —
 0.08 T 0.08 ’
§ 0.06 - 0.06
& <
0.04 A5 0.04
0.02 1 0.02 1
A1 A2 A3 A4
0.00 — 1 r 1 rr Tr 1 7 | — 1 r 1 1 T 1 0.00 —T T T T T T T T T
50 60 70 8 9 100 110 120 130 140 150 50 60 70 8 90 100 110 120 130 140

Distance from the rear of hanging wall(cm) Distance from the rear of hanging wall(cm)

(a) (b)

1
150





media/file20.jpg





media/file53.png
Strain

4 -
- Hanging wall i Footwall i
37 ging Ground fissure 3
5. Section line 5
1 |
y c
01 =—=—=a . . }‘ D 0-
)
] (d))
14
-2 - —=— \Vlithour descent
1 —&— Descend 1cm
-3 - —A— Descend 1cm -3
_4 I I ' 1 ' 1 ' I ' I 4 1 ' 1
20 40 60 80 100 120 140 160 180

Distance from the rear of the hanging wall(cm)

(a)

Hanging wall Footwall
o Ground fissure
Section line /
| —
—a— Without descent
T —e— Descend 1cm
= —a— Descend 2cm

— T T T T T
20 40 60 80 100

T T 1
120 140 160 180

Distance from the rear of the hanging wall(cm)

(b)





media/file5.png
Hanging wall

1600

Footwall

625 I 1375 J

(a) (b)





media/file19.png
Height (cm)

—a— Vertical survey line in the hanging wall
—a— Vertical survey line in the footwall

A10

&

8188

Top of tunnel

Bottom of tunnel

0

/ A6 / A7
A2 A3

Peak acceleration (m/ 2)

(a)

— 71 T 1 1 r 1 1 1T 1T *© T " 1
000 002 004 006 008 010 012 014 016 018 0.20

0

A10

—&— Vertical survey line in the hanging wall
—&— Vertical survey line in the footwall

A9

Top of tunnel

Bottom of {unnel

A6

A3

— 71 r 1 1 1 1 "~ 1 1 1" 1T "1
000 002 004 006 008 010 012 014 0.16 018 0.20

Peak acceleration(m/ 2)

(b)





media/file45.png
N
o
|-

Additional earth pressure(kPa)
o

- T

Hanging wall

Ground fissure

— -

Footwall

—a— P2-1
—e—P2-3

-30 -20 -10 0

Distance(cm)
(a)

10

20

30

Additional earth pressure(kPa)
o N w
(@)] (@)] (@)]

o
o

= N w
(S - o

-
o

o
o

4 Hanging wall Ground fissure Footwall
~
) —=— P2-1
—eo— P2-3
40 3% 20 -0 0 10 20 30
Distance(cm)

(b)





media/file15.jpg





nav.xhtml


  applsci-12-10472


  
    		
      applsci-12-10472
    


  




  





media/file11.png
200

- »l
¢ "
110
I"Ground fissure Ground ﬁssurg_
Pressure cell 1 17 ] 17 |3 1 17 )
85 e
Pressure ce“ : 17 i 17 13113 17 :
72.75 o 23l pli -1-/11-3-4 *pl-3-s
=
50 - - - b b~ B o . 9 B
PI-2-1 P1-2-2 PI-2-3 124 PI-2-S
Subway tunnel R
NE \
g . S
25 , Pl-l P12 P13 P-4 PI-IS Subway tunnel
15
Hangling wall l Footwall ,
Hangling wall Footwall
(a) (b)
200
» * - "
]
Ground fissure Ground fissure
Pressure cell 17 , 17 33717 , Pressure cell |, 17 17 3317 |
i pil pa n-;—/h-u 935 i pal pad n-l-ﬁs-u 35
2 2
~ 8 ~
- — -
R / _
. . .. - e . . . . N
P-1-1 P2-1-2 P2-1-3 P2-1-4 P2-1§ Subway tunnel Pl P2 B3 P4 P15 Subway tunnel
Hangling wall Footwall Hangling wall Footwall
]

(c)

(d)

160






media/file41.png
SN
o
]
SN
o

]

—a— P3-1 Hanging wall Footwall

3.5 P32 Hanging wall Footwall

w
(&)
1

—a— P33 T —=— P3-1
Ground fissure —P3-2

w
o
1
w
o
1

N
(&)
]

Ground fissure

S

] —a—P3-3
2.5 \/\'

-
(@)]
1 "

-
o
1

Additional earth pressure(kPa)
S N (
Additional earth pressure(kP.
N
o

o
o
1
o
o
1

[ - L

o
o

o
o

T T T T T T T T T T T T T T T T T T T
-40 -30 20 -10 0 10 20 30 -40 -30 -20 -10 0 10 20 30
Distance(cm) Distance(cm)

(a) (b)





media/file37.png
w ~ ($)] (o]
1 ] 1 ]

Additional earth pressure(kPa)
N

—=—P1-11" Hanging wall
—o—P1-2
——P1-3]  Ground fissu

re

Footwall

(a)

-30 -20 -10 0
Distance(cm)

10

20

Additional earth pressure(kPa)

Hanging wall Footwall
Ground fissure
0 -
/ —a—P1-1
—o—P1-2
5- —4—P1-3
4 4
3 -
2
14
O I I I ! I 1
-40 -30 -20 -10 0 10 20 30
Distance(cm)
(b)






media/file46.jpg
20,

Additonal earth pressure(Pa)

71| vergingval Foota Hangng vl Footval
2s) | TRS Ground fssre 25 Growd s
> e
Pt
gw =5
15
i
i
o
a5
BT T TR T A TS T T N TN T
Dusanctem) Dt
(a) (b)





media/file10.jpg
s
g

2
1|

e

L

ZZ[

r)’-r—”ﬂ

g Tt
@) ®©)
- .
et s =T
e e .:‘w
]
- L o N.,,
P
e o
i i o fa— font
© @






media/file40.jpg
40
——p31| veall
21 gl oot ] Mo Footed
B i
50 =R
oal<y]
et Ground fissure.
izn .
g.s
os
!
ERE R I D N N I T
[— B
(@) (b)





media/file3.png





media/file25.png
Height (cm)

110 - 110 -
- —a— Vertical survey line in the hanging wall . —a— Vertical survey line in the hanging wall
100 - —&— Vertical survey line in the footwall 100 - —— Vertical survey line in the footwall
90 4 90 -
80- A10 %7 A10 A9
70 - « A 704 A
- T()p of tunnel . . TOp of tunnel
60 - g 60 —
50 % 50 -
40 - 2 40-
20 : Bottom of tunnel 30 Bottom of tunnel
0l a0 AT 20 - / A7 / A6
0] A2 104 A3 A2
o-+—7F—7—F 77T T T 7 o717 T T T T T
000 002 004 006 008 010 012 014 0.16 018 0.20 000 002 004 006 008 010 012 014 0.16 018 0.20
Peak acceleration (m/ ©) Peak acceleration (m/6 )

(a) (b)





media/file52.jpg
: ehgre fssure. Ground fissure:
Secsonton : Sactontne 5

i
}ﬂ_
|

2] [wrara o e
et oo it
o (e o =Rz
Distance o h e of th hainqvallom) . Ditan i e of h hanging wl(cm)

(a) (b)





media/file0.jpg
s
o

(b)

105






media/file26.jpg
Ty ot






media/file34.jpg
. e i
3
Eon.
N —
-
%
ol I .
M
- S .
ol
S 0 T 3 R NN
S o g ) s et i)

(a) (b)





media/file13.png
110

72.75

Hangling wall Footwall

15 15 10_10_10_10_1

" ,' ./Pressure cell

/Stram gauge ®10 | -

o
N

'y

107.5 92.5

3

| /2

Pressure cell





media/file39.png
4.0 - 4.0 4

—a— P2-1

3.5 Hanging wall 3.5 P2-3 Hanging wall Footwall
T Ground fissure —'—|°2'1 T
QL 30- —e—P2:3] & 30- Ground fissure
T \ T —
5 S
) _ N -
@ 25 g 25
o Q. 1
£20- £20-
(1] o
(O] ) [} J
T 1.5 T 15-
s | S ]
5 B oynl

0.5 0.5- \\

0.0 T T T T T T T T T T T T 1 0.0 T T T T T T T T T T T T 1

-40 -30 -20 -10 0 10 20 30 40 -30 -20 -10 0 10 20 30
Distance(cm) Distance(cm)

(a) (b)





media/file18.jpg
—o— Vol vyl e hnging vl
—— Vet sy lneinthe el

Topatteme
et

Height(am)

[RANRAEERAR]

o el sy e rengingvall-
o Veral sy e e vl

Tootient
it

8

g am)
RAXA AR

ol
"Sio 0Tz obi ol ol o d % 0% 0% ok
Pk odrsin(mé )

(@)

U0 o2 ob ol w00 0%z 0w o % o
Pk ccdrsion(rs )

(b)





media/file9.png
110

T2 a1y

Fis
15

Hanging wall Footwall
5515
A9tHHH A1
\Accelerometer
100, 60 -/Vibration exciter
WAS Wae L] s
"E Al WA
| PR FU—
17 15 15.6 19
< 107.5 e 92.5 i

Accelerometer





media/file42.jpg
(a)

Honging vall Footvall
O

A A R RE]
Disance(om)






media/file22.png
Acceleration (m/s%)

0.06 -
0.05-
0.04 4
0.03-

0.02
0.01
0.00
0.01
0.02
0,03
0.041
0.05

—A6 A9 —A2

0.15 — A7 A3 ——A10

o
Q
@

o
o
S

Acceleration (m/s?)

S O
Q O
() BN V]

0.0

w—

S
o
N
N
w -
I
o
o
~
el
©
S





media/file23.png
Acceleration (m/s?)

0.10 5

0.08 S

0.06

0.04

0.02

-0.02

-0.04

-0.06

-0.08

—A6 A9 —A2

Acceleration (m/s?)

—A7 — A3 ——A10






media/file50.jpg
et o =Wt o

o et et

o o QR

i Ground fissre 5 Groundfssure
Hangingvail Sectonine Footwal Hangingwall Sectoniine Footval

§>gu —_—

£} ® B B B o wm W ® T R b e W
Distan o th rar f th hangingvalm) Bistana rom theror of the hanging vl

(@) (b)





media/file36.jpg
Addtional earth pressure(kPa)

nr
J!
s

g o

—-P13|  Grudfissure
N

Hangig wal Fooval

Grundfesre

7 —epia

pairl

ey |

E T TR T
Disancaa)

()





media/file32.png
—
<C o))
7 - 00
7 -~
Mm - ©
@
°E
T B
- <+
-
— QN
- <
| | ! I ! o
Yo} (Q\| (@)} o (a0} o (a0} o (@)} (Q\| Yo}
- N Q Q = Q = Q Q N -
o o o o o o O O O O O
Amm \Ev UOTIRIN[IIY
O
=
o))
— 0O
— N
% L ©
<)
N
7 B:
Mm =
7 - <t
M~ — N
<
i |~
- <
| L ©
0 AN (@)} (o} (98] o (98] (o} (@)} AN 0
- - Q Q = Q = Q Q - -
o o o o o o ﬂ_u ﬂ_u ﬂ_u ﬂ_u ﬂ_u

(;S/UT) UOHBIDA00Y

(a)





media/file28.jpg
o Syt e o o
an S e oo et
as. gyt e
o o M G
Zou
i -
o
1 »
o o
oo
~ M
£ e B A A APy

Duse(am)
(b)






media/file49.png
)

Additional contact pressure(kPa

(o]
|

—&— Survey line in the hanging wall
without descent

—@— Survey line in the footwall
without descent

—a&— Survey line in the hanging wall
that descend 1cm

—w— Survey line in the footwall
that descend 1cm

T

LI — T T
45 90 135

T T
180 225 270

Pressure box clockwise position(°)

(a)

T 1
315 360 405

)

Additional contact pressure(kPa

119 —&— Survey line in the hanging wall
10 1 without descent
7 —@— Survey line in the footwall
1 without descent
91 —A— Survey line in the hanging wall
1 that descend 1cm
Ch —w— Survey line in the footwall
7 _ that descend 1cm
6 -
5 -
4
3
2
14
0 -
-1 T — 71 - 1 - 1 - 1 - 1 1~ 1 - T 1
-45 45 90 135 180 225 270 315 360 405

Pressure box clockwise position(°)

(b)





media/file2.jpg





media/file6.jpg
47

275

SL'LY

SL'T
l





media/file24.jpg
Heige (o)

RARARARERERERR]

—a Verial ey i e g vll-
—— Vet v e e el

Toottn
et

Heigh am)

RAXAERRAR]

o Vvt savey lncinthe g
e )

A "o
Topoftees
o
3
W
R

i

ol

Pk crtion(m )

(a)

ol

Pk cockention(mé 3
(b)





media/file29.png
Peak acceleration (m/s>)

(a)

0.20
1 —&— Survey line at the tunnel bottom
0.18 1 —&— Survey line at 10cm below the tunnel
0.16 .
Hanging wall Footwall
0.14 - A7 o~
- A8 “a
0.12 Ground fissure k=
| T =
0.10- S
A3 Ad 2
0.08 D
Q
: A6 S
0.06 - A5 =
- g
0.04
- A2
0.02- Al
0.00 — T T T T T T T T T 1
50 40 -30 -20 -10 0 10 20 30 40 50
Distance (cm)

—&— Survey line at the tunnel bottom
—&— Survey line at 10cm below the tunnel
Hanging wall Footwall
i Ground fissure
_ A5 AG - §S
) Al A2
. A7
- A8
— 7T T T T T T T 7 — T T T T T T T
50 40 -30 -20 -10 0 10 20 30 40

Distance (cm)

(b)





media/file1.png
Ground fissure
/ i &

3725
=
| 47.75
______ =
o Footwall .y 25
60
!< 200 |

(a)

Ground fissure
10, 105 | 75 10
I
4
Subway tunnel Hangling wall Footwall
80°
e 200 &5

Ll

(b)





media/file16.png
Acceleration (m/s?)

0.08 -
0.07 4
0.06
0.05-
0.04 -
0.03-
0.02

0.01

0.00
-0.01
-0.02-
-0.03 -
-0.04
-0.05 -
-0.06
-0.07
-0.08

—A6 A2 —A9

Acceleration (ny/s%)

w—

0.15

—A7 — A3 ——A10

0.12 5
0.09 +

0.06

0.03
0.00
-0.03
-0.06

-0.09

-0.12

'015 T | T T T |






media/file7.png
. =

SL'LY





media/file33.png
(ap]
< B
7 - o
m o)
| .
- ©
7 i ~
|5m
[ =
- <
-
- N
T 1 T T | LA DL B ©
o o] © M N o N M © o] o
. Q Q ) Q Q Q ) Q Q .
o o o o o o o o o o o
Amm \Ev UONRIAIY
=
N
<C
7 | >
Mnu o0
7 — N~
(o]
<C
7 — O
-SW
=
- <t
— ™
— N
- <
— L _ L] — T IO
o o] © M N o N M © o] o
A Q Q ) Q Q Q ) Q Q A
o o o o o o o o o o o

(/1) UORID[a00Y

(b)





media/file44.jpg
o

@

EE ]
Distaric)

(b)

£}





media/file47.png
Additional earth pressure(kPa)

3.0 1
ﬁg:; Hanging wall Footwal ) Hanging wall Footwall
—4—P33 Ground fissure ,(_0\2-5 T Grour;ﬂ fissure =~
Q] —w— o
%2 0 _ —— P3‘2
5 ——P3-3
3
5 1.5
e
T
104
©
C
S
g 0.5 1
<
0.0 1
T T T T T T T T T T T 1 0.5 T T T T T T T T T T T
-30 -20 -10 0 10 20 30 -40 -30 -20 -10 0 10 20
Distance(cm) Distance(cm)

(a) (b)





media/file38.jpg
0. 0.

b Fooal

35. b 35.
Ground fissure P 5

\ el

25 25

a2

=*=P23] Hargngval  Fooval

Ground fssure

% % @ b 5 6 B % w

Disareaiam)
@

R N )
Disance(c)
(b)





media/file31.jpg
i)





media/file17.png
Acceleration (m/s?)

0.15 4

0.12 4

—A6 A2 —A9

Acceleration (m/s?)

0.08 -
0.07
0.06 -
0.05-
0.04

0.03 -
0.02
0.01
0.00
-0.01
-0.02 -
-0.03 -
-0.04
-0.05
-0.06
-0.07

-0.08

—A7 — A3 ——A10






media/file4.jpg
Hanging wall

Footwall

(b)





media/file30.jpg





media/file51.png
Strain

—=— Without descent
—e— Descend 1cm
—a— Descend 2cm

Hanging wall Section{ne

— 5 n—a——8—*

Ground fissure

Footwall

i

I T T T T
40 60 80 100

(a)

120
Distance from the rear of the hanging wall(cm)

—
140

—
160

Strain

—=— Without descent
—e— Descend 1cm
—aA— Descend 2cm

Hanging wall Sectionine

Ground fissure

Footwall

—

L B —
40 60 80 100

T T 1
120 140 160 180

Distance from the rear of the hanging wall(cm)

(b)





