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Ground fissures, as a typical geohazard, pose potential georisks to the construction and maintenance of urban transportation infrastructure. Under the influence of ground fissures, the segmented tunnel structure used in subway systems complicates the propagation of subway train vibrations. In this study, the soil acceleration, earth pressure and contact pressure of a three-section subway tunnel under dynamic loading of a subway train in a ground fissure environment were observed and analyzed by physical modeling tests, and the effects of the presence and activity of the ground fissure and tunnel segmentation were discussed. The results show that the vibration generated by the subway traveling will have different degrees of attenuation when propagating in all directions in the soil layer, and the ground fissure has a damping effect on the subway vibration. The attenuation and enhancement of acceleration by ground fissure is affected by the activity and propagation direction of ground fissure. The distribution of additional earth pressure is affected by the ground fissure, soil contact state, which is related to the ground fissure activity state. The ground fissure activity on the contact additional pressure mainly focuses on the bottom and top of the tunnel and there are differences in the location of the hanging wall and footwall. Three-section tunnels have a stronger vibration response and vibration attenuation than monolithic tunnels due to the influence of segmentation. Based on the consideration of the effects of ground fissure and tunnel segmentation, the tunnel design mainly takes into account the amount of ground fissure activity and determines the structural measures, the tunnel structure at the location of the ground fissure is strengthened, in addition to the vibration attenuation measures for the segmented tunnels when crossing the ground fissure. The discussion of mechanical response and design measures in this study helps to reduce the georisk of ground fissures on urban underground transportation infrastructure.
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1 INTRODUCTION
The propagation of subway train vibrations through the ground and their impact on the surrounding environment is a significant issue in urban construction. Numerous studies have been conducted both domestically and internationally on the dynamic effects of subway train vibrations on tunnel structures and the propagation patterns of these vibrations through the ground. These studies have employed various methods, including numerical simulations (Wang et al., 2019; Nezhadshahmohammad et al., 2021; Gu et al., 2022; Guo et al., 2022; Wang et al., 2022; Wang et al., 2023), model tests (Yang et al., 2018; Guo et al., 2023; Yang et al., 2023), a combination of model tests and numerical simulations (Zhang et al., 2018; Yan et al., 2020; Wu et al., 2021), and a combination of field monitoring data and numerical simulations (Huang et al., 2021; Sun et al., 2023). Substantial findings have been achieved through these efforts.
However, certain cities, such as Xi’an, possess unique geological environments that can impact the propagation of subway train vibrations. In Xi’an, for instance, the subway system operates within a geological setting characterized by active ground fissures. Ground fissures, as a typical geohazard occurring in cities, pose a potential geohazard risk to the construction and maintenance of urban transportation infrastructure (Bian et al., 2023, 2024a). With 14 active ground fissures in the area, the interaction between the strata near these fissures and the subway tunnel structure becomes significantly more intricate. Firstly, the presence of ground fissures can alter the propagation path and pattern of subway train loads. Secondly, the activities of these ground fissures result in constant changes in the interaction state between the subway tunnel and the surrounding strata, including fluctuations in contact pressure and the formation of void zones. These dynamics create a scenario where the dynamic interaction between the strata and the tunnel structure in the ground fissure environment differs substantially from that in stable soil conditions (Yu et al., 2023; Zhang et al., 2024a; Zhang et al., 2024b; Yang et al., 2024). Additionally, to ensure the safe operation of the subway, the Xi’an subway system employs a segmented tunnel structure. The coexistence of ground fissures and segmented subway tunnel structures complicates the propagation of train vibrations within the Xi’an subway system significantly. Research on impact assessment and preventive measures for geohazards is key to mitigating the risk of geohazards (Feng et al., 2023; Cai et al., 2024; Bian et al., 2024b). Therefore, it is imperative to elucidate the dynamic interaction between ground fissures and segmented subway tunnels under subway train loading for the normal operation and effective control of vibration effects within the Xi’an subway system.
In the study of the dynamic interaction between subway tunnels and the ground in the presence of ground fissures, most research has focused on the dynamic interactions under seismic conditions. Liu et al. (2019a), Liu et al. (2019b) used shaking table tests and numerical simulation models to investigate the activity and damage caused by ground fissures under seismic conditions, examining tunnel acceleration, earth pressure, and tunnel structure strain. Chang et al. (2023) simulated the dynamic response of subway tunnels at varying distances from ground fissures by establishing a numerical model of a typical ground fissure site. For the issue of dynamic stability of tunnels crossing faults, Song et al. (2024) investigated the seismic response characteristics of surrounding rock and tunnel structures using a three-dimensional model and a joint time-frequency analysis method.
Regarding the dynamic interaction under train load conditions, Yang et al. (2015) employed numerical simulation methods to study the dynamic interaction between subway tunnels crossing ground fissure zones and the soil under subway load, focusing on the contact pressure between the lining and soil, the transmission patterns of dynamic stress in the soil, and the extent of vibration impact. Additionally, Yang et al. (2019) conducted physical model tests to analyze the impact of train speed and excitation frequency on the soil on both sides of a ground fissure under orthogonal conditions of ground fissure and shield tunnel, from the perspective of soil acceleration. Liu et al. (2017a), Liu et al. (2017b), Liu et al. (2018), Liu et al. (2022) investigated the vibration response induced by subway operation under oblique crossing conditions of subway tunnels and ground fissures using model tests and numerical simulations.
In general, research on the dynamic interaction of subway train loads on subway tunnels in ground fissure environments is limited, particularly with regard to segmented subway tunnels intersecting diagonally with ground fissures, which has received little specific attention. In the Xi’an metro line, the subway intersects ground fissures at oblique angles in numerous locations. This study aims to address this gap by investigating the dynamic interaction between ground fissures and diagonally intersecting three-section horseshoe subway tunnels through physical modeling tests. Specifically, through the ground fissure environment subway train dynamic load on the subway tunnel under the action of soil acceleration, earth pressure, soil and tunnel contact pressure observation and analysis. Summarize the interaction law between ground fissure and three-section subway tunnel under the action of dynamic train load. Determine the effects of ground fissure activity and tunnel segmentation. Ultimately provide assistance for vibration control measures and safety monitoring of segmented subway tunnels in ground fissure areas.
2 EXPERIMENTAL DESIGN
2.1 Test principles and devices
The test principle of this study involves designing and fabricating a scaled-down model based on determining the appropriate similarity proportion according to the actual engineering conditions and test requirements. The scaled-down model comprises the soil model and the subway tunnel model. The ground fissures was pre-set in the soil model to simulate fault dislocation due to ground fissure activity by controlling the descent of the hanging wall on the ground fissure, as shown by the arrow at the bottom of the hanging wall in Figure 1A. The vibration of the subway train is simulated using shakers installed in the subway tunnel model, allowing investigation into the dynamic response of the subway tunnel in the ground fissure section under vibration load, particularly in the case of diagonal intersection between the subway and the ground fissure. Accelerometers and pressure cells are utilized to measure the propagation characteristics of subway vibration and the stress distribution within the tunnel. In the test model, the ground fissure has an inclination angle of 80°, the intersection angle between the ground fissure and the subway tunnel is set at 60°, and the subway tunnel structure consists of three sections. The schematic diagram of the test model is presented in Figure 1B. In particular, the terminology related to geohazards and georisks involved in this study is shown in Table 1.
[image: Figure 1]FIGURE 1 | Schematic diagram of test model (unit: cm). (A) Schematic diagram of soil layer model and subway tunnel model. (B) Section diagram of subway tunnel model.
TABLE 1 | Glossary of specialized terms.
[image: Table 1]The model test in this study was conducted within a model box, as illustrated in Figures 2A, B, while Figure 2C depicts the settlement control system employed. The model box’s specific dimensions measure 2.0 m (length) × 1.6 m (width) × 1.2 m (height). The model box is constructed with a structural skeleton made of steel angles, which are reliably connected by bolts. After the structural skeleton is securely fixed, wooden plywood and tempered glass are fixed as the inner wall of the model box. During the test, the bottom plate of the model box is divided into two segments representing the hanging wall and the footwall, simulating the scenario where the subway tunnel intersects diagonally with the ground fissure at a 60° angle. It's crucial to control the descent of the hanging wall while keeping the footwall stationary. The settlement control system accomplishes this task using five jacks mounted beneath the bottom plate supports of the hanging wall. In particular, in order to control the boundary effects of the model box: to attenuate the reflection of vibration waves at the box boundaries and the friction of the box walls on the surrounding rock and soil. The inner wall of the model box was lined with two layers of polystyrene plastic film and sprinkled with talcum powder between its double layers.
[image: Figure 2]FIGURE 2 | Model box and settlement control system (unit: mm). (A) Model box used for the test. (B) Model box bottom plate design diagram. (C) Arrangement of jacks for settlement control system.
2.2 Design of similarity ratio
In this study, the similarity ratio for the model test is determined based on similarity theory, considering the actual engineering dimensions of the Xi’an subway and the size of the model box, among other test conditions. The chosen subway prototype is the horseshoe-shaped tunnel structure used in Xi’an Metro Line 2 when crossing the ground fissure, featuring a tunnel height of 9.55 m and a burial depth of 20 m. The influence zone of the ground fissure’s hanging wall extends from 0 to 20 m, while that of the footwall spans from 0 to 15 m. The physico-mechanical parameters of the subway lining structure and the soil near the ground fissure are shown in Table 2.
TABLE 2 | Physical and mechanical parameters of prototype materials.
[image: Table 2]According to the characteristics of the model test in this study, 18 main physical quantities related to the test were determined. Among them, the physical quantities that characterize the geometrical features are: length l, displacement u, area A. The physical quantities that characterize the material features are: stress σ, strain ε, modulus of elasticity E, Poisson’s ratio μ, density ρ, cohesion c, deformation modulus. The physical quantities that characterize the dynamics are: mass m, time t, frequency ω, speed v, acceleration a, and gravitational acceleration g. The physical quantities that characterize the loading are: concentrated load F, surface load q. Three basic physical quantities with independent scales are chosen: length l, density ρ, and elastic modulus E. According to the second theorem of similarity, the 18 main physical quantities in the model test can be combined into 15 dimensionless π numbers, and the 15 π-numbers in the model are equal to the corresponding π-numbers in the prototype, which can be obtained as the 15 relational equations that should be satisfied between the similarity ratios as shown in Table 3. In this study, the geometric similarity ratio is 20, the density similarity ratio is 1, and the modulus of elasticity similarity ratio is 1.5. According to the relationships between the similarity ratios in the table, the similarity ratios of each physical quantity are obtained as shown in Table 3.
TABLE 3 | Similarity ratio of various physical quantities in model experiments.
[image: Table 3]2.3 Model materials
2.3.1 Stratum
To simulate the main soil layers in the buried depth range of the Xi’an subway, including loess and paleo-soil, a mixture of barite powder, clayey soil, and river sand is used as the stratum soil materials in this study (Bian et al., 2022a; Bian et al., 2022b). The parameters of the materials used are as follows: the bulk density of barite powder is 45 kN/m3, with a particle size of 500 mesh; the bulk density of clay soil is 18 kN/m3; and the bulk density of river sand is 25.6 kN/m3. Based on several proportioning tests (Liu et al., 2017a; Liu et al., 2017b; Liu et al., 2022), the ratios of barite powder, clay soil, sand, and water used are as follows: 55:30:10:5. Experiments were conducted on the prototype soil within the burial depth of Xi’an subway and the model soil used in the modeling experiments, and each physico-mechanical parameter is shown in Table 4.
TABLE 4 | Physical and mechanical parameters of prototype and modeled soils.
[image: Table 4]2.3.2 Ground fissure
In this study, the Xi’an ground fissure is simulated by pre-setting ground fissure in the soil model. Most of the Xi’an ground fissures have an inclination angle ranging from 70° to 80°, and they are mostly filled with chalk or powdered sand. To ensure that the ground fissures in the model were as close as possible to the prototype ground fissures, fine sand was used as the filler at the ground fissures in the test. The width of the ground fissure preset in the test is 10 mm, with an inclination angle of 80°, and an angle of 60° with the tunnel. The specific production method is to first set a 10 mm thick partition board to fix the position of the ground fissure. Then the layered filling of the soil on both sides of the ground fissure is carried out. When the soil body is filled to a predetermined height take out the plank. Fill fine sand at its position to finally form the predetermined ground fissure.
2.3.3 Tunnel structure
In this study, the test subway tunnel model measures 180 cm in length, 47.75 cm in height, 47 cm in width, and 2.75 cm in thickness. It is constructed using C15 concrete. Inside the model, 38 Φ2 reinforcing bars are arranged longitudinally with a spacing of 40 mm, and 86 Φ2 reinforcing bars are arranged transversely with a spacing of 20 mm. Importantly, the test tunnel in this study is a three-section structure, with each section measuring 0.6 m in length. The burial location and segmentation of the tunnel are illustrated in Figure 1.
2.4 Vibration load of subway trains
The train of Xi’an subway line 2 consists of 6 trains, and the load of the train wheelset is 160 kN.The dynamic response of the subway tunnel and its surrounding rock is caused by the dynamic load on the track when the train is running. This dynamic load can be regarded as a concentrated force moving periodically at a certain speed. It is shown that the subway traveling dynamic load can be regarded as a half-sinusoidal load with a single frequency in the course of the study (Liu et al., 2022), as shown in Equation 1:
[image: image]
where P0 is the train load, t is the loading time, and f is the loading frequency.
In order to simulate the vibration load of the subway train, the test was conducted with a TST-10 type 10 kg shaker (P0=100 N). The specific setup is as follows: two parallel tracks are installed at the bottom of the arch inside the tunnel model, and a steel plate crossbeam connects these two tracks. The vibrator is firmly fixed on the crossbeam to distribute the vibration load evenly to the two tracks. As the vibration caused by subway train decays faster in high frequency, most of the vibration caused by the surrounding rock and soil is low frequency vibration. According to the geotechnical investigation report of Xi’an Subway Line 2, the vibration frequency of the bed caused by the train load is mostly concentrated below 20 Hz, and the frequency used in this study is set to 10 Hz. The typical load spectrum generated by the shaker is shown in Figure 3A.
[image: Figure 3]FIGURE 3 | Typical load spectrum and layout of vibration exciters and accelerometers. (A) Typical load spectrum. (B) Layout of vibration exciters and accelerometers (unit: cm).
In this study, two different excitation points are established to simulate the variations in the relative positions of the train and the ground fissure as the subway train travels. These points are positioned inside the tunnel, 60 cm and 100 cm away from the boundary of the subway tunnel in the footwall, as illustrated in Figure 3B.
2.5 Measuring equipment
2.5.1 Acceleration
In this study, soil acceleration was measured using LC0801 strain accelerometers. Ten accelerometers were buried, all positioned along the center axis of the tunnel section, at heights of 15 cm, 25 cm (at the bottom of the tunnel), and 72.75 cm (at the top of the tunnel), respectively. The accelerometers were arranged and numbered according to Figure 3B.
2.5.2 Earth pressure
In this study, earth pressure was measured using ZFCY180 miniature pressure cells (measurement accuracy of 1%). Three layers of pressure cells were installed at soil filling heights of 15 cm, 50 cm, and 85 cm, respectively. The layout of the pressure cells is detailed in Figure 4. During the burial of the pressure cell, the measured earth pressure was matched to the actual results during the model test to ensure that the pressure cell was in close contact with the soil. When the soil was filled to the preset depth, the soil surface was leveled. Excavate the pressure cell burial trench at the preset location for burying the pressure cell. A small amount of fine sand is spread to ensure that the surface of the pressure cell is uniformly stressed. Then place the pressure cell and spread fine sand on the upper part of the placed pressure cell and compact it to ensure that the pressure cell is in close contact with the soil. In particular, in order to prevent damage to the pressure cell, the upper part of the pressure cell is buried using the hydrostatic method, avoiding vibration tamping which may cause damage to the pressure cell.
[image: Figure 4]FIGURE 4 | Layout of pressure cells in the soil (unit: cm). (A) Vertical view of pressure cells layout. (B) Top view of pressure cells layout at a height of 15 cm. (C) Top view of pressure cells layout at a height of 50 cm. (D) Top view of pressure cells layout at a height of 85 cm.
2.5.3 Contact pressure between the tunnel and soil mass
In this study, the contact pressure between the tunnel and the soil was measured using ZFCY180 miniature pressure cells. Two circles of earth pressure cells were placed on the tunnel on both sides of the ground fissure, with 8 pressure cells in each circle. The detailed arrangement of the pressure cells is depicted in Figure 5.
[image: Figure 5]FIGURE 5 | Layout of contact pressure cells on the subway tunnel (unit: cm).
3 RESULTS
For clarity in this research test, the three tunnel sections are denoted as the hanging wall section, middle section, and footwall section, in that sequence, from the hanging wall to the footwall.
3.1 Acceleration response of soil
3.1.1 Dynamic response at different depth
In analyzing the acceleration response of test points with varying burial depths, this study focuses on the measurements from test points A3, A7, and A10 situated in the footwall, as well as test points A2, A6, and A9 positioned in the hanging wall.
Figures 6, 7 depict the acceleration time course curves and peak acceleration curves for test points A3, A7, and A10, as well as A2, A6, and A9, under 10 Hz excitation loads at 60 cm and 100 cm excitation points from the end of the footwall, respectively, under the inactive condition of the ground fissure. Observing the figures, when the excitation point is positioned 60 cm from the end of the footwall, test points A6 and A7, located at the bottom of the tunnel, exhibit relatively high peak accelerations (0.12 m/s2 and 0.15 m/s2, respectively). Conversely, test points A2 and A3, situated at the bottom of the tunnel arch at 10 cm, experience reduced peak accelerations (0.1 m/s2 and 0.132 m/s2, respectively), indicating the attenuation effect of the soil layer on train vibration. Test points A9 and A10, located at the top of the track and farther from the excitation point, display further reduced peak acceleration values (0.06 m/s2 and 0.1 m/s2, respectively). When the excitation point is situated 100 cm from the end of the footwall, the test results are similar to those at the 60 cm excitation point, with the largest peak acceleration observed at the test point at the bottom of the tunnel. The peak acceleration decreases at the test point 10 cm below the bottom of the tunnel and at the top of the tunnel, indicating an overall distribution of acceleration along the vertical axis with the maximum at the bottom of the tunnel and decreasing in the upward and downward directions.
[image: Figure 6]FIGURE 6 | Acceleration time series for inactive ground fissure scenario (A) Vibration exciter at 60 cm. (B) Vibration exciter at 100 cm.
[image: Figure 7]FIGURE 7 | Peak acceleration curves for inactive ground fissure scenario. (A) Vibration exciter at 60 cm. (B) Vibration exciter at 100 cm.
Figures 8, 9 display the acceleration time course curves and peak acceleration curves for test points A3, A7, and A10, as well as A2, A6, and A9, under 10 Hz excitation loads at 60 cm and 100 cm excitation points from the end of the footwall, under the condition of a 1 cm descent of the ground fissure’s hanging wall, respectively. Analyzing the curves, when the excitation point is positioned 60 cm from the end of the footwall tunnel, the peak acceleration at test point A6, located at the bottom of the hanging wall tunnel, decreases compared to the non-descending scenario (0.05 m/s2). Simultaneously, the peak acceleration at test point A2, located below test point A6, also decreases accordingly (0.03 m/s2), while the peak acceleration at test point A9, located at the top of the tunnel, increases compared to the non-descending scenario (0.08 m/s2). Conversely, the peak acceleration at test points A7 and A3, situated at the bottom of the footwall tunnel, increases compared to the non-descending scenario (0.16 m/s2 and 0.14 m/s2, respectively), while the peak acceleration at test point A10, located at the top of the footwall tunnel, decreases compared to the non-descending scenario (0.09 m/s2).
[image: Figure 8]FIGURE 8 | Acceleration time series with hanging wall descending 1 cm. (A) Vibration exciter at 60 cm. (B) Vibration exciter at 100 cm.
[image: Figure 9]FIGURE 9 | Peak acceleration curves with hanging wall descending 1 cm. (A) Vibration exciter at 60 cm. (B) Vibration exciter at 100 cm.
When the excitation point is situated 100 cm from the end of the footwall, the test outcomes align closely with those observed when the excitation point is positioned at 60 cm. The peak acceleration at test points A3, A7, and A9 increases, while the peak acceleration at test points A2, A6, and A10 decreases relative to the scenario when the footwall is not descended.
3.1.2 Dynamic response longitudinal along the tunnel
To investigate the longitudinal acceleration response along the tunnel, analysis was conducted on measurement lines positioned at the bottom of the tunnel (test points A5, A6, and A7) and 10 cm below the tunnel bottom (test points A1, A2, and A3). Figures 10, 11 illustrate the acceleration time course curves and peak acceleration curves of these two horizontally oriented measurement lines under 10 Hz excitation loads at 60 cm and 100 cm excitation points from the end of the footwall under the inactive condition of the ground fissure, respectively.
[image: Figure 10]FIGURE 10 | Acceleration time series for inactive ground fissure scenario (A) Vibration exciter at 60 cm. (B) Vibration exciter at 100 cm.
[image: Figure 11]FIGURE 11 | Peak acceleration curves for inactive ground fissure scenario (A) Vibration exciter at 60 cm. (B) Vibration exciter at 100 cm.
Observing the figures, when the excitation point is situated 60 cm (hanging wall) away, the peak acceleration value of the nearest measurement point A7 is the highest, followed by A8. The acceleration peak values of the A6 and A5 measurement points located in the hanging wall are lower, and a similar trend is observed for the measurement line located 10 cm below the tunnel.
When the excitation point is positioned 100 cm (hanging wall) away, the peak acceleration of the closest measurement point A6 is the highest, followed by A5. Conversely, the peak acceleration of the A7 and A8 measurement points located in the footwall is lower. This pattern is consistent even for the measurement line located 10 cm below the tunnel.
Additionally, it's notable that when the excitation point is located 100 cm, the peak acceleration of measurement point A8 exhibits a more significant reduction compared to measurement point A7.
Figures 12, 13 depict the acceleration time course curves and peak acceleration curves of the two horizontal measurement lines under the 10 Hz excitation loads at the 60 cm and 100 cm excitation points from the end of the footwall under the condition of the hanging wall of the ground fissure descending by 1 cm, respectively. Upon observation of the figures, when the excitation point is situated 60 cm (footwall) away, the distribution of peak acceleration in the horizontal direction remains largely unchanged compared to when it is not descending. The acceleration peaks of the measurement points located in the footwall nearer to the excitation point are larger than those located in the hanging wall farther away from the excitation point, and the acceleration peaks diminish the farther away from the excitation point. Furthermore, the difference between the peak acceleration values of the measurement points on both sides of the ground fissure is further accentuated compared to when the ground fissure is not descending.
[image: Figure 12]FIGURE 12 | Acceleration time series with hanging wall descending 1 cm. (A) Vibration exciter at 60 cm. (B) Vibration exciter at 100 cm.
[image: Figure 13]FIGURE 13 | Peak acceleration curves with hanging wall descending 1 cm. (A) Vibration exciter at 60 cm. (B) Vibration exciter at 100 cm.
When the excitation point is situated at 100 cm (hanging wall), the distribution pattern of the peak acceleration in the horizontal direction differs significantly from that observed when it is not descending. Specifically, the six measurement points located in the middle section of the tunnel exhibit an increase in peak acceleration from the hanging wall to the footwall direction.
3.2 Dynamic response of earth pressure
Figures 14–16 depict the additional earth pressure curves for different soil heights under the 10 Hz excitation load in the inactive condition of the ground fissure. Observing the figures, when the ground fissure hanging wall is inactive, the additional earth pressure of each measurement line is positive. Upon comparison in the vertical direction, it is evident that the additional earth pressure at the height of 15 cm is generally the largest, followed by the height of 50 cm, with the value of additional earth pressure at the height of 85 cm being the smallest. This indicates a gradual decrease in the value of additional earth pressure with the increase in the height of the soil body.
[image: Figure 14]FIGURE 14 | Additional earth pressure at 15 cm height for inactive ground fissure scenario. (A) Vibration exciter at 60 cm. (B) Vibration exciter at 100 cm.
[image: Figure 15]FIGURE 15 | Additional earth pressure at 50 cm height for inactive ground fissure scenario. (A) Vibration exciter at 60 cm. (B) Vibration exciter at 100 cm.
[image: Figure 16]FIGURE 16 | Additional earth pressure at 85 cm height for inactive ground fissure scenario. (A) Vibration exciter at 60 cm. (B) Vibration exciter at 100 cm.
When considering the longitudinal direction of the tunnel, with the excitation point situated at 60 cm from the end of the footwall tunnel (at the joint of the middle section and the footwall section), the additional earth pressure in the footwall generally surpasses that in the hanging wall, as shown in Figures 14A, 15A, 16A. Furthermore, as one moves further away from the excitation point, the additional earth pressure diminishes, and there is a noticeable reduction in additional earth pressure when crossing the ground fissure. With the excitation point placed 100 cm from the end of the footwall tunnel (in the middle section of the hanging wall), the measurement points within the middle section and the footwall section exhibit greater additional earth pressure in the hanging wall compared to the footwall. As the distance from the excitation point increases, the induced additional earth pressure diminishes, with a more pronounced reduction observed when traversing ground fissures and segmental joints. The additional earth pressure at the measurement points situated in the hanging wall section of the tunnel tends to be lower. When examining from the vertical direction of the tunnel, the additional earth pressure at the tunnel axis (depicted by the P1-2 and P3-2 curve in the figure) is higher than that of the soil on both sides of the tunnel at the same height. Interestingly, the excitation point is located 100 cm from the end of the footwall tunnel, and the soils on both sides of the tunnel at the same height and the same distance from the crack exhibit a large difference in earth pressure. This situation, regardless of the effect of soil height, shows a uniform pattern of numerical differences in Figures 14B, 15B, 16B. Taking the height of 15 cm as an example,at the position of −37 cm from the ground fissure in Figure 14B, the value of earth pressure (1.5 kPa) of the P1-1 measuring line is lower than that of the P1-3 measuring line (5.5 kPa). As shown in Figure 4, there is a difference in the distance from the excitation point between the soil bodies at the same height and the same distance from the ground fissure on both sides of the underpass (P1-1-1 and P1-3-1) under the influence of the diagonal intersection of the ground fissure and the subway. When the excitation point is located at 100 cm from the end of the footwall tunnel, P1-1-1 is farther away from the excitation point compared to P1-3-1. As the distance from the excitation point increases, the induced additional earth pressure is smaller.
Figures 17–19 illustrate the additional earth pressure curves at different heights under the 10 Hz excitation load with the ground fissure hanging wall descending by 1 cm. Following the descent of the ground fissure hanging wall, the distribution pattern of additional earth pressure in each measurement line undergoes significant alteration compared to the condition without descent. Generally, in the upper part of the tunnel (P3-2 line), the additional earth pressure exhibits a pattern of larger values in the hanging wall and smaller values in the footwall. Conversely, for the remaining lines, the additional earth pressure of the soil body in the footwall is larger, while that of the soil body in the hanging wall is smaller. Additionally, the additional pressure of the soil body on both sides of the tunnel in the footwall gradually decreases with the increase in the height of the soil body.
[image: Figure 17]FIGURE 17 | Additional earth pressure at 15 cm height with hanging wall descending 1 cm. (A) Vibration exciter at 60 cm. (B) Vibration exciter at 100 cm.
[image: Figure 18]FIGURE 18 | Additional earth pressure at 50 cm height with hanging wall descending 1 cm. (A) Vibration exciter at 60 cm. (B) Vibration exciter at 100 cm.
[image: Figure 19]FIGURE 19 | Additional earth pressure at 85 cm height with hanging wall descending 1 cm. (A) Vibration exciter at 60 cm. (B) Vibration exciter at 100 cm.
3.3 Dynamic response of tunnel contact pressure
Figure 20 illustrates the distribution of the contact additional pressure in the tunnel ring direction, with both ring measurement lines situated in the middle section of the tunnel. From the figure, it is evident that when the stratum has not descended, the contact additional pressure at the bottom of the tunnel is greater, while the contact additional pressure at the top of the tunnel is comparatively smaller. Additionally, the additional pressure at the left and right sides of the tunnel is the smallest. Notably, the contact additional pressure is relatively larger on the side where the excitation point is located, while it is relatively smaller on the other side.
[image: Figure 20]FIGURE 20 | Distribution of the circumferential additional contact pressure. (A) Vibration exciter at 60 cm. (B) Vibration exciter at 100 cm.
After the descent of the hanging wall of the ground fissure, notable changes occur in the contact additional pressure. Specifically, at the top of the tunnel situated in the hanging wall, the contact additional pressure slightly increases. Conversely, at the bottom of the tunnel, the contact additional pressure experiences a substantial decrease, reaching negative values. This decrease in the contact additional pressure at the tunnel’s bottom is more pronounced when the excitation point is positioned at 100 cm. Meanwhile, in the footwall, the contact additional pressure at the bottom of the tunnel increases, with a larger magnitude of increase observed when the excitation point is located at 100 cm. Conversely, the contact additional stress at the top of the tunnel in the footwall decreases, with a larger magnitude of decrease seen when the excitation point is situated at 60 cm. Moreover, the descent of the hanging wall of the ground fissure has minimal impact on the contact additional pressure on both sides of the tunnel.
4 DISCUSSION
4.1 Analysis of the impact of ground fissure on three-section tunnels
Combining the results of the dynamic interaction between the ground fissure and the three-section tunnel, this study comprehensively analyzes the impact of ground fissures on the three-section tunnel in terms of acceleration and earth pressure dynamics.
Inactive ground fissures exhibit a similar attenuation effect on train vibration as the surrounding soil layers. For instance, in Figures 6, 7, test points A6 and A7, positioned at the bottom surface of the tunnel, register relatively large peak accelerations, whereas test points A2 and A3, located 10 cm below the bottom of the tunnel arch, experience reduced peak accelerations. When the excitation point is 60 cm from the footwall, the peak acceleration decreases from 0.12 m/s2 to 0.1 m/s2 for A2 and from 0.15 m/s2 to 0.132 m/s2 for A3 compared to A6 and A7, respectively. In Figure 11, the substantial difference in peak acceleration between measurement points on both sides of the ground fissure suggests significant attenuation of vibration propagation horizontally. Regardless of the excitation point’s location in the hanging wall or footwall, the magnitude of peak acceleration decrease is consistent, indicating equal attenuation of vibration propagation across the ground fissure in both directions when the fissure is inactive.
Similarly, the attenuation of vibration in the presence of inactive ground fissures is also evident in the additional earth pressure, as depicted in Figures 14–16. The reduction in additional earth pressure is more pronounced when crossing the ground fissure, irrespective of whether the excitation point is situated 60 cm from the footwall tunnel end (footwall) or 100 cm from the footwall tunnel end (hanging wall).
When the hanging wall of the ground fissure descends, the contact dynamics between the three-section tunnel and the nearby soil undergo changes due to the soil body’s deformation and the tunnel structure, thereby influencing vibration propagation. The segmented nature of the tunnel exacerbates these effects: the hanging wall section descends with the soil body, the footwall section remains largely unchanged, and the middle section’s contact state with the soil body across the ground fissure varies significantly, leading to localized voiding and compacting phenomena. Specifically, the tunnel’s bottom in the hanging wall of the ground fissure and the top in the footwall of the ground fissure exhibit voiding with the soil, while the tunnel’s top in the hanging wall of the ground fissure and the bottom in the footwall of the ground fissure are compacted with the soil. As depicted in Figures 7, 9, when the excitation point is situated at 60 cm and 100 cm from the end of the footwall, the pattern remains consistent: the peak acceleration at the compacted test points increases, while it decreases at the voided test points compared to when there is no descent. For instance, when the excitation point is located 60 cm from the footwall end, test point A9 at the tunnel’s top and test points A7 and A3 at the footwall tunnel’s bottom are influenced by compaction, resulting in increased peak acceleration compared to the non-descended time (0.08 m/s2, 0.16 m/s2, and 0.14 m/s2, respectively). Conversely, test point A10 at the footwall tunnel’s top and tests A6 and A2 at the hanging wall tunnel’s bottom are affected by voiding, leading to decreased peak acceleration compared to the non-descended time (0.09 m/s2, 0.05 m/s2, and 0.03 m/s2, respectively).
In the presence of an active ground fissure, both attenuation and enhancement effects on vibration are observed, influenced by the tunnel-soil contact state. As depicted in Figures 11, 13, when the excitation point is positioned at 60 cm (footwall), the horizontal peak acceleration distribution pattern closely resembles that of non-descending conditions. The acceleration peaks in the footwall, closer to the excitation point, exceed those in the farther hanging wall, with diminishing peaks further from the excitation point. The disparity between the peak acceleration values on either side of the ground fissure increases notably compared to non-descending hanging wall conditions, signifying greater vibration attenuation when crossing the active ground fissure. However, when the excitation point shifts to 100 cm (hanging wall), influenced by altered tunnel-soil contact due to hanging wall descent, the horizontal peak acceleration distribution pattern differs from non-descending conditions. Notably, peak acceleration at each footwall measurement point surpasses that at each hanging wall measurement point. In the direction of vibration propagation (from hanging wall to footwall), vibration across the ground fissure exhibits enhancement, albeit to a lesser degree than attenuation observed from footwall to hanging wall propagation.
The altered contact dynamics between the tunnel and the soil resulting from the hanging wall descent of the ground fissure manifests similarly in the distribution of additional earth pressure. Furthermore, vibration and the evolving compactness-voiding relationship between tunnel-soil contact induced by ground fissure activity reciprocally influence each other. As depicted in Figure 17, the additional earth pressure in the hanging wall soil at a height of 15 cm (10 cm below the tunnel) approaches zero, attributable to voiding between the tunnel in the hanging wall and the soil beneath it. Conversely, the additional earth pressure in the footwall increases compared to non-descending conditions, particularly along the tunnel axis. This increase arises from compacting between the footwall tunnel and the soil beneath it, with further soil compaction under vibration leading to elevated additional earth pressure. The pronounced disparity in additional earth pressure distribution at a height of 85 cm (approximately 12 cm above the tunnel) compared to the other two test surfaces likewise suggests interaction between vibration and the evolving compacting-voiding relationship between tunnel and soil contact. As illustrated in Figure 19, the additional pressure of soil in the hanging wall of measurement line P3-2, positioned in the tunnel’s central axis part, is positive, while in the footwall, it is negative. This discrepancy arises from the hanging wall’s descent, compacting the tunnel with the soil above it, while the footwall tunnel voids with the soil above it, further exacerbated by vibration.
4.2 Comparative analysis between three-section tunnel and integral tunnel
To ascertain the impact of tunnel segmentation, the test outcomes from the three-section tunnel model under excitation in this study are juxtaposed and scrutinized alongside the responses of integral and two-section tunnels in instances of diagonal ground fissure (Liu et al., 2017a; Liu et al., 2017b; Liu et al., 2022).
As depicted in Figures 7, 9, the vertical distribution pattern of acceleration peaks when the hanging wall remains undescended mirrors that of integral and two-section tunnels in the three-section tunnel configuration. The soil nearest to the vibration source exhibits the highest peak acceleration, gradually diminishing as distance from the source increases—a consistent pattern observed in both integral and two-section tunnel setups. However, following the descent of the ground fissure’s hanging wall, there’s a shift in the vibration propagation law along the vertical axis. While the footwall’s soil maintains a pattern of higher acceleration in the middle and lower at the ends, the hanging wall’s soil displays a sequential decrease in peak acceleration from top to bottom—a behavior akin to that of integral tunnels. Given the shorter single-section length of the three-section tunnel compared to both two-section variants, the restraining influence diminishes further, accentuating the vibration effect and leading to increased peak accelerations at equivalent locations compared to integral and two-section configurations.
In the horizontal plane, the three-section tunnel exhibits a more pronounced attenuation of acceleration across tunnel segments compared to integral tunnels. Illustrated in Figure 11, when the hanging wall remains undescended and the excitation point is situated at 100 cm, the reduction in peak acceleration at measurement point A8 surpasses that at A7. This discrepancy arises because in the three-section test, measurement points A5, A6, A7, and the 100-cm excitation point are all positioned within the middle tunnel section, whereas measurement point A8 resides in the footwall section. Consequently, acceleration across the spanning tunnel segments experiences a more substantial attenuation. Furthermore, post-hanging wall descent, this increased attenuation effect on acceleration within tunnel segments persists. As depicted in Figure 13, when the excitation point is positioned at 100 cm (hanging wall), the peak acceleration within the footwall section of the three-section tunnel registers the smallest values compared to integral tunnels. These findings indicate that the three-section tunnel exerts a greater attenuation effect on vibration propagation along the axial direction of the tunnel.
In the case where the ground remains undisturbed within the three-section tunnel, the earth pressure of the surrounding rock soil body shows little deviation from that of integral and two-section tunnels. As depicted in Figures 14–16, the additional earth pressure diminishes gradually with increasing soil height, mirroring the behavior observed in integral and two-section tunnels. However, within the tunnel area corresponding to the segment housing the excitation point, the additional earth pressure experiences an increment compared to integral tunnels, while within the tunnel area corresponding to the non-excited segment, it registers a decrease relative to integral tunnels. Illustrated in Figures 17–19, following the descent of the ground fissure’s hanging wall, the alteration in additional earth pressure due to ground fissure activity exhibits a smaller magnitude compared to integral tunnels.
Concerning the contact pressure between the surrounding rock and soil body and the tunnel, the distribution pattern of contact additional pressure in the three-section tunnel closely resembles that of integral and two-section tunnels. Illustrated in Figure 20, the distribution pattern of contact additional pressure between the three-section tunnel and the soil body mirrors that of integral and two-section tunnels. Both the top and bottom of the three-section tunnel exhibit a slight increase in contact additional pressure compared to both integral and two-section tunnels.
A comparison of soil acceleration, earth pressure on the surrounding rock and soil, and contact pressure between the rock and soil and the tunnel reveals that the vibration response of the three-section tunnel surpasses that of integral and two-section tunnels, attributed to the segmentation effect. This phenomenon becomes more pronounced with decreasing single-section length. Additionally, three-section tunnels exhibit a greater attenuation effect on vibration propagation along the longitudinal direction of the tunnel when compared with integral tunnels.
4.3 Tunnel design analysis and suggestions
The findings from the dynamic interactions between ground fissures and three-section tunnels underscore the importance of tailoring structural measures based on the level of ground fissure activity when designing subway tunnels in ground fissure zones. However, when traversing areas with stringent vibration or noise requirements, it's advisable to implement specific damping measures. In order to minimize the risk of geohazards posed by ground fissures to the subway system, the impacts of ground fissures and tunnel segmentation on tunnel design were identified and corresponding design recommendations were provided as follows:
(1) From the analysis of segmental effects, it can be seen that in terms of acceleration amplitude, the integral tunnel is the smallest, and the three-section tunnel has the largest acceleration. The reason is that the integral tunnel has better integrity and stronger constraints, and the acceleration amplitude of the surrounding rock and soil is smaller under the dynamic load of the subway. With the segmentation of the tunnel, the integrity is weakened and the constraints become smaller, and the magnitude of the acceleration of the surrounding rock and soil increases. In Xi’an city, the cross ground fissure tunnels are generally structurally strengthened by enlarging the cross-section, reserving space, setting up joints with flexible joints and local lining. Combined with the results of the test data in this study, in order to avoid the increase of acceleration amplitude of the ground fissure and the nearby surrounding rock and soil due to the weakening of the tunnel integrity caused by segmentation, it is recommended that the tunnel lining should be constructed in a way that meets the safety requirements of the tunnel lining structure. It is recommended to increase the length of segments and reduce the number of segments as much as possible when designing the tunnel under the premise of the safety of tunnel lining structure.
(2) In this study, it was found that both integral and segmental tunnels generate additional dynamic earth pressure in the surrounding soil on both sides of the ground fissure under the vibration of the exciter. In particular, the impact of intensive cyclic vibration on the surface buildings and ground fissure activities during the peak operating hours cannot be ignored. In order to avoid the exacerbation of ground fissure activities by subway cyclic vibration. Under the premise of meeting the structural safety, the tunnel segments should be minimized so that the subway dynamic loads can be transferred to the surrounding rock and soil as uniformly as possible.
(3) The vibration generated by the dynamic loads of the subway affects the surface buildings through the roadbed, lining, and soil layer. From the point of view of vibration generation, the vibration caused by subway traffic is unavoidable. In addition, as the train operation time increases, the wear and tear of the train and the rail increases, and the vibration situation also intensifies. Therefore, vibration isolation measures are very effective in reducing the vibration of the soil layer. Active vibration isolation is to minimize the output of vibration at the vibration source through the reasonable application of vibration isolators or vibration isolation materials. For subway vibration, generally take elastic fasteners, floating roadbed, continuous track, etc. to realize the purpose of active vibration isolation. Similarly, passive vibration isolation can also be used to isolate the input of train vibration through vibration isolators and reduce the vibration of surface housing and equipment.
(4) In cases where the ground fissure intersects the subway tunnel diagonally at a significant angle, structural reinforcement is essential even if a segmental tunnel is utilized. Due to the presence of structures crossing the ground fissure, the local bending moment and shear force exerted on the lining structure are substantial. Strengthening measures should be implemented at the location of the ground fissure to safeguard the tunnel structure against damage resulting from ground fissure activity.
This study summarizes the interaction patterns between ground fissures and three-section subway tunnels under dynamic train loads in a ground fissure environment by observing and analyzing the soil acceleration, earth pressure, and contact pressure between the soil and the tunnel, and discusses the effects of the presence and activity of ground fissures and tunnel segmentation. The discussion of the presence and activity of ground fissures, the mechanical response of subway loading on subway tunnels under tunnel segmentation conditions, and design measures in this study helps researchers and design engineers in the field of geology and engineering to reduce the georisk of ground fissures on urban underground transportation infrastructure. In particular, the physical modeling experiments are limited by the scaled down scale brought by the site and equipment, which can’t fully satisfy the purpose of the study to some extent. The authors supplemented and improved the physical model test by numerical simulation results, and analyzed the study of the propagation law of subway-induced vibration in the strata in terms of the characteristics of the acceleration time-course curves and other aspects (Liu et al., 2018). It should be noted that, limited to experimental conditions and time factors, the dynamic effects of subway train loading on subway tunnels in the ground fissure environment are only investigated in terms of macroscopic acceleration, earth pressure, and contact pressure from the perspective of physical modeling experiments and numerical simulations, and the dynamic effects of soil granular materials under load are not analyzed from the perspective of the mechanistic ontology model (Bian et al., 2024c, 2024d). Several studies have shown that the mechanical constitutive model based on the conservation of energy dissipation can effectively explain and analyze the mechanical response of physical model tests from a microscopic perspective (Bai et al., 2023) (Zhou et al., 2024). Therefore, the dynamic response of subway train loading on subway tunnels in the ground fissure environment is further investigated in more depth from the aspect of mechanical constitutive modeling.
5 CONCLUSION
Based on the physical model test, the following conclusions can be drawn for dynamic interaction between ground fissure and diagonal three-section subway tunnels:
(1) The acceleration of the three-section tunnel by the ground fissure has attenuation and enhancement effects and is affected by the activity and propagation direction of the ground fissure.
(2) The additional earth pressure of the three-section tunnel is affected by the ground fissure when the ground fissure is inactive, and is affected by the contact state between the tunnel and the soil after the ground fissure is inactive.
(3) In terms of contact additional pressure, the influence of ground fissure activity has less influence on both sides of the tunnel, mainly focusing on the bottom and top of the tunnel and the existence of the difference between the location of the hanging wall and footwall.
(4) The three-section tunnels exhibit higher vibration response under excitation compared to integral tunnels, which is attributed to segmentation effects. In addition, they exhibit greater attenuation in vibration propagation along the axial direction of the tunnel.
(5) Structural measures were determined during tunnel design mainly by considering the ground fissure activity, strengthening the tunnel structure at the ground fissure location and applying vibration damping measures for segmented tunnels when traversing the ground fissure.
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A geological phenomenon in which a rock or soil body
cracks under the action of natural or man-made factors,
forming cracks of a certain length and width

When the fault plane is tilted, the upper part of the fault
plane is called the hanging wall

When the fault plane i tlted, the lower part of the fault
plane is called the footwall

Faultis a structure in which the earth’s crust is fractured by
force and significant relative displacement of rock masses
occurs along both sides of the fracture plane

‘The phenomenon in which the Earths internal medium

undergoes a sharp localized rupture, generating a shock

wave that causes the ground to vibrate within a certain
range

In rock underground engineering, the surrounding rock
mass that undergoes a change in stress state due to the
effects of excavation
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