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Abstract

:

The interaction between train vibration load and ground fissure disasters affects the safe operation of trains. However, the interaction between the high-speed railway foundation and the train vibration in the cross-ground fissure zone is not clear. To reveal the dynamic behavior characteristics of train vibration load crossing the ground fissure zone, the Da’xi high-speed railway passing through the ground fissure zone in the Taiyuan Basin is taken as the research object; the dynamic response of the high-speed railway foundation crossing the ground fissure zone at different angles was analyzed through dynamic finite element numerical simulation and orthogonal tests. The results show that when the high-speed railway crosses the ground fissure, the dynamic response fluctuates greatly at the ground fissure, which is manifested in the displacement and acceleration increase in the hanging wall and decrease in the footwall. The composite foundation reduces the fluctuation range and influences the scope of displacement, acceleration, and stress in the foundation of the ground fissure zone. The smaller the intersection angle between the high-speed railway and the ground fissure, the larger the influence range of displacement and stress, and the stability of acceleration at the hanging wall and footwall is poor. It is suggested that the high-speed railway pass through the ground fissure at a large angle. Additionally, the displacement fluctuation of the hanging wall and footwall can be controlled by increasing the pile length in the active area of the ground fissure.
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1. Introduction


Ground fissures are a phenomenon of rock–soil surface rupture [1,2,3,4]. Ground fissures are widely distributed in China, and more than 5000 ground fissures have been found in over 4000 locations [5], mostly in the North China Plain, Fenwei Basin, Su-Xi-Chang, and other areas [6,7,8]. Many high-speed railways under construction and proposed inevitably cross these ground fissure development areas in China, such as Jing’shi (Beijing–Shijiazhuang), Jing’hu (Beijing–Shanghai), Da’xi (Datong–Xi’an), and other high-speed railways [9]. When crossing ground fissure areas, they are easily affected by complex geological engineering conditions [10,11]. Under the train vibration load, the strength of loose rock and soil mass in the ground fissure zone is reduced and triggers uneven settlement, which affects the stability of the high-speed railway and has a negative impact on the safe operation of the train [12]. Therefore, it is necessary to study the dynamic response of the high-speed railway foundation under the train vibration load in the ground fissure zone.



Existing engineering phenomena show that the engineering structures crossing the ground fissures can be seriously damaged, including cracking of the subway tunnel lining, distortion and deformation of underground pipelines, uneven settlement of the expressway, and so on [13,14]. Previous scholars have conducted related research on these aspects and believe that the shear dislocation is the main failure mode of the active ground fissures to the traffic lines, which causes the deformation and cracking of the structures at the hanging wall and footwall under the corresponding compressive and tensile stress. Meanwhile, for the small angle crossing, the failure mode of bend–shear–torsion will appear [15].



At present, research on dynamic response under train vibration load mainly focuses on three methods: field tests [16], numerical simulation [17,18,19,20,21,22,23,24], and model tests [25,26]. Vega et al. conducted acceleration response tests on high-speed railway subgrades and studied the dynamic response characteristics of culverts, which provided a reference for the design of a high-speed railway [27,28]. Yu Cai et al. took the test section of a cement-improved expansive soil embankment as the research object. The multi-condition cyclic vibration test was carried out, and the distribution rules of stress, acceleration, and displacement at different positions of subgrade were analyzed [29]. Yao Shan et al. established the finite–infinite element model of plane stress in the transition zone between the subgrade and bridge of a high-speed railway. The influence of subgrade materials on the subgrade dynamic response in the transition zone of a slab track high-speed railway was studied. It was considered that the dynamic elastic modulus of graded crushed stone has greater influence on the vibration response of vehicle systems than that of the surface layer of the subgrade bed [30]. Jin Chen et al. established a three-dimensional dynamic finite element analysis model of a double-line high-speed railway under train vibration load, and the vertical stress distribution on the subgrade surface under different train speeds and line modes was proposed [31]. Ishikawa T. carried out a model test on a ballasted track with a geometric scale of 1:5 and studied the law of dynamic response and the cumulative deformation of subgrade filler under the train cyclic load [32]. Chong Lei Zhang et al. conducted a full-scale model test on lime-stabilized weathered red mudstone subgrade by using a cyclic loading device. The dynamic response and cumulative settlement characteristics of this kind of subgrade were studied and its adaptability was determined [33].



In general, a series of studies have been performed on the vibration response of the track structure–embankment–foundation under train vibration load, and fruitful research results have been achieved. However, there are few studies on the dynamic response of the high-speed railway foundation under train vibration in the ground fissure site, and the interaction between the high-speed railway foundation and the train vibration in the cross-ground fissure is not clear.



The Da’xi high-speed railway which crosses the ground fissures in the Taiyuan Basin of Shanxi Province is taken as the engineering background in this study. A three-dimensional numerical model of the high-speed railway crossing the ground fissure was established. The dynamic response of the foundation was studied. The research results provide a reference for the design, construction, and safe operation of a high-speed railway in the ground fissure environment.




2. Engineering Background


The starting point of the Datong–Xi’an high-speed railway is Datong, Shanxi, and the endpoint is Xi’an, Shaanxi (Figure 1a) [34]. The total length of the line is 859 km, with it being a passenger-dedicated line. The number of trains per day is 88 pairs. The average speed is 250 km/h, and the maximum speed is no more than 350 km/h. It passes through the Cenozoic rift basin—Taiyuan Basin, where faults are greatly developed. The overexploitation of groundwater in the Taiyuan Basin has promoted the activities of these fissures controlled by tectonism. Based on the investigation, there are 107 ground fissures in the Taiyuan Basin and 21 along the Da’xi railway line. Most of the ground fissures have a large extension length, with some exceeding 20 km. Among them, the maximum deviation of the ground fissure (TY3) at the Dongguan substation is 0.45 m, and the vertical activity rate of ground fissures is 3–4 cm/year. The overall strike of the TY3 ground fissure is 73°, its inclination is 163°, the dip angle is 80° (Figure 1b), and it is banded or beaded. The maximum surface displacement is about 45 cm (Figure 1c), and the maximum pit diameter is 1.2 m, the maximum width of the horizontal displacement is 1 m (Figure 1d) [35]. The TY3 ground fissure is active in sections, mainly vertical dislocation and horizontal tension (Figure 1e). With the drop in groundwater level, the influence scope and activity of ground fissures may be further intensified. It is predicted that the ground fissures are highly active and dangerous to the line. In this paper, the dynamic response analysis of the composite foundation of the high-speed railway crossing the ground fissure zone is carried out with the active TY3 ground fissures as the engineering background.




3. Numerical Modeling Process


3.1. Dynamic Finite Element Model


In this study, finite element software (MIDAS/GTS2019 v2.1) was used to establish the dynamic finite element model of a high-speed railway natural foundation and a CFG pile composite foundation spanning the ground fissure zone (Figure 2). The mesh of the numerical model is hexahedron and the element is the entity. The specific modeling process can be found in Appendix A.



In the numerical model, the intersection angle between the high-speed railway and the ground fissure was set at 90° (orthogonal), 60°, and 30° (oblique), respectively. The dip angle of the ground fissure was 80° and ran through the entire stratum. In order to save on calculation costs, the length of the model was reduced by 50 m in orthogonally passing through the ground fissure, and the other parameters remained unchanged. The stratum within the simulated depth range was simplified into two layers, and its physical and mechanical parameters are shown in Table 1.



The composite foundation of the numerical model of the cross-ground fissure zone of the Da’xi passenger-dedicated line adopts a pile–raft structure. The piles were CFG piles with a length of 20 m, a diameter of 0.5 m, a spacing of 2 m, and a square layout. A pile-soil contact element was established around the pile element to simulate the slip between the pile and the soil. A C30 reinforced concrete slab with a thickness of 0.8 m and plain concrete cushion of 0.2 m was set above the pile. Both were considered as a unified raft during modeling. The surface layer of the subgrade bed was 0.7 m thick and was filled with graded crushed stone. The bottom layer of the subgrade bed was 2.3 m thick. The slope gradient of the embankment was 1:1.5. To adapt to the active deformation of the ground fissure, the track structure was designed as a ballasted track. The cross-section of the composite foundation in the calculation is shown in Figure 3.



The calculation parameters of each structural layer of subgrade are shown in Table 2.



Rails, sleepers, CFG piles, and concrete baseplates were considered as isotropic linear elastic materials. The solid elements of the ballast bed and below were subject to the Drucker–Prager (D-P) elastoplastic failure criterion. The fasteners between the rail and sleeper were modeled using the spring-damping elements [36,37]. The simulation conditions are shown in Table 3.




3.2. Train Load Simulation


CRH380A series high-speed trains were used on the Da’xi passenger-dedicated line. The maximum axle load of the train was 15 t, and the static load on one side was 75 kN. The train was composed of eight carriages. The length of each carriage was 25 m, the center distance between bogies was 17.5 m, the fixed wheelbase was 2.5 m, and the total length was 203 m. Table 4 shows the train parameters.



Considering the dynamic effect of wheel load, the calculation formula for exciting force load was as follows [38]:


   P d  =  P s  ( 1 + α v )  



(1)




where



	
Ps—wheel static load (kN);



	
α—velocity amplification factor (about 0.004);



	
v—train speed (km/h)






The time–history curve of excitation force load at a 250 km/h train speed was calculated (Figure 4), and the moving load was set according to it.




3.3. Simulation of Ground Fissures


Ground fissures are filled with silty fine sand and silt. The interface contact element can simulate the relative dislocation or slip between elements and better reflect the physical and mechanical properties of the ground fissure. Therefore, the interface contact element was used to simulate ground fissures. Its mechanical mechanism is shown in Figure 5. The contact elements met the Mohr—Coulomb friction relationship, which can be expressed as:


   F  s max   =  c  i f   A + tan  ϕ  i f      F n  − u A    



(2)




where Fn is the normal stress of the contact surface, Fsmax is the ultimate tangential stress of the contact surface, cif is the cohesion of the contact surface, φif is the friction angle of the contact surface, A is the area of the contact surface, and u is the pore pressure.



The parameters of ground fissures were set according to references [39,40], where normal stiffness Kn = 10,000 kPa, tangential stiffness Ks = 1000 kPa, cohesion c = 12 kPa, and internal friction angle φ = 20°.




3.4. Boundary Condition


To prevent the vibration wave from reflecting at the model boundary and to ensure numerical calculation accuracy, the viscoelastic boundary was used in the analysis and numerical calculation (Figure 6) [41].



The spring damping coefficients of each structural layer of the model are shown in Table 5, where x, y, and z represent the three coordinate axis components of the overall coordinate system.




3.5. Material Damping


In this study, Rayleigh damping was selected for dynamic calculation of material damping [42]. The relationship between the damping matrix [Z], mass matrix [X], and stiffness matrix [Y] is:


   Z  = m  X  + n  Y   



(3)




where m is the damping coefficient related to the mass matrix and n is the damping coefficient related to the stiffness matrix. The damping coefficient can be calculated according to the natural vibration frequency of the model and the corresponding soil damping ratio as follows:


      m =    2  χ λ   χ η  (  χ η   ξ λ  −  χ λ   ξ η  )      χ η   2  −    χ λ   2         n =    2 (  χ λ   ξ λ  −  χ η   ξ η  )      χ λ   2  −    χ η   2          



(4)




where    ξ λ    an    ξ η    represent the damping ratio of the  λ  and  η  order and    χ λ  ,  χ η    represent the natural frequency of the  λ  and  η  order.



According to reference [43], the damping ratio of foundation soil is    ξ λ  =  ξ η  = 0.05  , and    χ λ  ,  χ η    is the natural frequency of the model, which is obtained through eigenvalue analysis.





4. Results and Analysis


Five measuring lines are arranged in the numerical model (Figure 7). Measuring line 1 is located on the center line of the high-speed railway at a depth of 5 m. Measuring lines 2 and 3 are arranged vertically along the subgrade and are located at the hanging wall and footwall, 2 m away from the ground fissure, respectively. Measuring lines 4 and 5 are arranged horizontally along the high-speed railway at a depth of 5 m inside the foundation and located at the hanging wall and footwall 2 m away from the ground fissure, respectively.



4.1. Comparative Analysis of the Displacement Response of the Foundation


In order to ensure the correct setting of ground fissure contact properties and vibration load, the numerical results in this study were verified according to the physical model test results in reference [44]. The train load is simulated by a moving exciter, and the specific test process is shown in the above reference. The displacements of the physical model test and the numerical model were compared, as shown in Figure 8a. By comparing the results of the physical model test and the numerical model test, it can be seen that the stress of the natural foundation obtained through numerical simulation is the same as the changing trend of the stress curve of the natural foundation measured using the model test, which is manifested by the oscillation at the ground fissure, and the average displacement of the hanging wall is greater than that of the footwall. In summary, the comparison results show that the train load application and the ground fissure contact relationship of the numerical model are reasonable.



On this basis, the displacement changes of the high-speed railway crossing ground fissure sites at three angles were analyzed. In the ground fissure zone, the displacement induced by train vibration load increased in the hanging wall of the natural and composite foundation, while decreasing in the footwall, and the jumping phenomenon was more significant in the natural foundation. Meanwhile, as the intersection angle θ between the high-speed railway and ground fissures decreases, the influence range of ground fissures on both types of foundations increases (Figure 8).



When θ = 90°, the influence range of the composite foundation was reduced by 2 m in the hanging wall and by 5 m in the footwall compared with the natural foundation. When θ = 60°, the hanging wall shrank by 5 m and the footwall shrank by 8 m. When θ = 30°, the hanging wall shrank by 7 m and the footwall shrank by 8 m. It can be seen that the composite foundation with the pile–raft structure enhanced the ability of the foundation to resist the deformation and damage caused by the ground fissure and effectively reduced the influence range of the ground fissure. Therefore, when the actual construction cannot avoid crossing the ground fissure zone at a small angle, the pile raft can be adopted in the foundation.



Figure 9 is the horizontal variation curve of the displacement amplitude inside the foundation (measuring lines 4 and 5; see Figure 7). The displacement of the composite foundation is symmetrically distributed along the center line of the subgrade, and the displacement at the center line of the high-speed railway reaches the maximum. The displacement of the hanging wall is greater than that of the footwall along the horizontal direction. The load of the central line is large, and on both sides, it is small. However, the difference in displacement response within the embankment is smaller than that of the foundation outside the embankment toe. The concrete baseplate and CFG pile reduce the differential deformation of the hanging wall and footwall of the ground fissure. Therefore, during the operation of the high-speed railway, the differential settlement of the embankment on both sides of the ground fissure should be concentrated on to avoid ponding in the location of the ground fissure, which will reduce the foundation strength and affect the stability of the high-speed railway.



Figure 10 shows the variation in the displacement of the natural foundation and composite foundation along the buried depth on measuring lines 2 and 3 (see Figure 7) of the site orthogonal to the ground fissure. The difference in the displacement response of the hanging wall and footwall at the two types of sites increases gradually with the depth increasing, and the displacement difference in the natural foundation is greater than that of the composite foundation. In addition, the displacement of the natural foundation changes more than that of the composite foundation, and the natural foundation is more significantly affected by the ground fissure. Due to the existence of CFG piles, the displacement attenuation in the composite foundation can be divided into three parts according to the foundation depth, namely, the embankment above the foundation, the pile, and the bearing layer. Among them, the displacement of the pile attenuates the most slowly. Because CFG piles bear part of the train vibration load, the settlement and deformation of soil around the pile within the pile length are slight, and the composite foundation shows a good reinforcement effect.




4.2. Acceleration Response of the Foundation


Figure 11 is the acceleration change curve of measuring line 1 (see Figure 7) on the natural foundation and composite foundation crossing the ground fissure at three angles. Under the three intersection angles, the acceleration response of the composite foundation was significantly smaller than that of the natural foundation, and the fluctuation at the ground fissure was reduced, which indicated that the composite foundation can effectively control the problem of weak stratum caused by the ground fissure. In both the composite foundation and natural foundation, the change in acceleration exhibits a jump phenomenon in the formation on both sides of the ground fissure, specifically, the acceleration reaches its maximum at the position of the hanging wall close to the ground fissure, especially obvious when θ = 30°. Therefore, crossing the ground fissure zone at a small angle poses a serious threat to the safe operation of the train. It is recommended to cross the ground fissure at a large angle.



Figure 12 is the horizontal variation curve of the acceleration amplitude inside the foundation (measuring lines 4 and 5; see Figure 7). The acceleration inside the composite foundation is symmetrically distributed along the center line of the subgrade, and the acceleration amplitude near the center line of the high-speed railway is large but small on both sides. The acceleration on the hanging wall is significantly greater than that of the footwall. The response difference of acceleration first decreases from the center of the line to both sides and increases suddenly at the edge of the subgrade, which is caused by the propagation of vibration waves in different media.



Figure 13 shows the acceleration attenuation curve of natural and composite foundations (measuring lines 2 and 3) with buried depth at the hanging wall and footwall of the ground fissure site. In the two types of sites, the difference of acceleration response of the embankment in the hanging wall and footwall is small, and the difference inside the foundation is large. The acceleration attenuation amplitude of the composite foundation is greater than that of the natural foundation. The acceleration attenuation of the natural foundation hanging wall is about 92.7%, and that of the footwall is about 96.7%, while that of the composite foundation hanging wall is about 95.5% and that of the footwall is about 96.9%. The critical influence depth is reduced from 25 m for the natural foundation to 15 m for the composite foundation. This is because the CFG pile bears part of the train load, the soil around the pile is less affected by the vibration, and the composite foundation has a good restraining effect.




4.3. Stress Response of Foundation


Figure 14 shows the stress comparison of measuring line 1 (see Figure 7) crossing the ground fissures at three angles in the natural foundation and composite foundation. When the high-speed railway crosses the ground fissure at one angle, the stress jump phenomenon of the composite foundation is weaker than that of the natural foundation. Taking the mean value of the stable transition zone of the stress change curve as the dynamic influence limit, the influence range of stress of the composite foundation is significantly smaller than that of the natural foundation. With the increase in the intersecting angle, the influence range of the ground fissure in both the natural and composite foundations decreases. Therefore, passing through the ground fissure zone at a large angle can effectively reduce the damage impact caused by ground fissure disasters.



Figure 15 is the horizontal variation curve of the stress inside the foundation (measuring lines 4 and 5; see Figure 7). The stress in the composite foundation is symmetrical along the center line of the subgrade, and the stress at the center line of the high-speed railway is the largest. The stress of the footwall is significantly greater than the hanging wall, and the difference in stress response decreases from the center to both sides. Under the train vibration load, the horizontal influence range of stress of the composite foundation at the ground fissure site is 44 m, and the stress is nearly the same at 22 m from both sides of the high-speed railway centerline.



Figure 16 shows the stress attenuation curve of natural and composite foundations (measuring lines 2 and line 3) with the buried depth at the hanging wall and footwall. The stress attenuation amplitude of the composite foundation is greater than that of the natural foundation, which is specifically reflected in the stress attenuation of the hanging wall in the composite being 99.1% and that of the footwall being 98.6%, while the stress attenuation of the hanging wall in the natural foundation is 95.2% and that of the footwall is 93.5%. The stress 8 m below the surface of the composite foundation is hardly affected by the ground fissure, and the stress influence depth of the composite foundation is less than that of the natural foundation.




4.4. Stress Analysis of the Internal Structure of the Composite Foundation


To further reveal the reinforcement effect of CFG piles in the composite foundation on ground fissures, Figure 17 shows the variation curve of the axial force and lateral friction of the CFG pile of the composite foundation (see Figure 7 for the pile position) under train load. Under the train vibration load, the variation trend of the axial force of piles in the hanging wall and footwall along the depth is similar, which increases first and then decreases with depth (see Figure 17a). The maximum value occurs at about 2.5 m above the pile, and the axial force of the pile in the footwall is significantly greater than that of the pile in the hanging wall. According to the change curve of pile side friction (see Figure 17b), the side friction of CFG piles in the hanging wall and footwall decays rapidly with pile depth, the side friction near the pile top is large, and the side friction of the footwall is greater than that of the hanging wall. It is not difficult to see that the mechanical performance of the piles in the footwall is good. The unbalanced stress relationship indicates that the pile–raft foundation can effectively alleviate the influence of high-speed railway instability caused by ground fissures.





5. Discussion


It is an effective means to solve a disaster by crossing the unavoidable ground fissure at a large angle and selecting the appropriate composite foundation design. To verify the contribution of the composite foundation parameters to the optimization effect, the variance analysis of the numerical simulation results was carried out using the orthogonal test. Four factors, namely the elastic modulus A of the subgrade bed (only considering the bottom layer of the subgrade bed), the elastic modulus B of the embankment, the thickness C of the concrete baseplate, and the pile length D, were selected to analyze the impact on the dynamic response of the composite foundation in the ground fissure site, without considering the interaction between the factors. Each factor has four levels. The levels of influencing factor A are A1, A2, A3, and A4. Similar notation is adopted for B, C, and D. The table of influencing factor levels is shown in Table 6. In this paper, four factors and four levels of tests were used to optimize the parameters of the composite foundation. Orthogonal test table L16(45) was selected, and a column of error terms was added (Table 7).



In the variance analysis, the significance level is taken as 0.10, 0.05, and 0.01 [45]. To explain the significance criterion, the influencing factor A is taken as an example. Let the F value of influencing factor A be FA; n1 and n2 are degrees of freedom for influencing factors and errors, respectively. The significance criteria for influencing factors are shown in Table 8.



In this test, the degrees of freedom of influencing factors n1 = 3 and the degrees of freedom of error n2 = 3. Therefore, based on the F distribution table, F0.01(3,3) = 29.46, F0.05(3,3) = 9.28, and F0.10(3,3) = 5.39.



As shown in Table 9, Table 10 and Table 11, it can be observed that the pile length has a significant impact on the displacement and stress response difference of the hanging wall and footwall of the ground fissure site. The concrete baseplate thickness has a significant impact on the acceleration response difference and has a generally significant impact on the displacement and stress response difference, and the other factors have no significant impact on the evaluation indicators.




6. Conclusions


	(1)

	
The displacement, acceleration, and stress are basically stable at the hanging wall and footwall under the train vibration load but fluctuate at the position of the ground fissure, which specifically reflects that the displacement and acceleration increase at the hanging wall and decrease at the footwall.




	(2)

	
The pile–raft structure of the composite foundation can effectively alleviate the foundation instability problem caused by the vibration load of the ground fissure site. Specifically, the side friction and axial force of the CFG pile in the hanging wall of the composite foundation are smaller than the footwall. Longitudinally, the jumping and fluctuation of displacement, acceleration, and stress in the composite foundation are weakened at the ground fissure site.




	(3)

	
The influence range of displacement and stress increases as the diagonal angle θ decreases. It is suggested that the high-speed railway pass through the ground fissure at a large angle when it cannot avoid the ground fissure zone. The pile length has the greatest influence on the displacement response and the dynamic stress response between the hanging wall and footwall of the ground fissure, and the concrete baseplate thickness has the greatest influence on the acceleration response of the subgrade. The risk of ground fissure disaster can be controlled by increasing the pile length.







The dynamic response of the foundation in the ground fissure site under train vibration load is very complicated. The dynamic response behavior of the Da’xi high-speed railway crossing the ground fissure zone in the Taiyuan Basin was studied using numerical simulation and orthogonal tests in this paper. The design parameters of the composite foundation in the ground fissure site were optimized. The research results provide new ideas and methods for studying the engineering stability of high-speed railways crossing the ground fissure zone worldwide. However, there are still some problems worth exploring, as follows:



The interaction mechanisms between different types of ground fissures and train vibration load are different. It is unclear what protective measures should be taken for each type of ground fissure. Therefore, based on this study, the relationship between ground fissure types and train vibration loads can be further discussed, and reasonable prevention suggestions and measures for each type of ground fissure can be provided.
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Appendix A







	
	
// Pseudocode for Midas Modeling Process



	
// Step 1: Define Geometry



	
Define Geometry:



	
  // Input parameters for model dimensions



	
  Input Length, Width, Height



	
  Create Nodes



	
  Create Elements based on geometry



	
// Step 2: Material Properties



	
Define Materials:



	
  For each Element in Model:



	
    Assign Material Properties (Young’s Modulus, Poisson’s Ratio, Density, cohesive and internal friction angle)



	
    Define Behavior (non-linear)



	
// Step 3: Boundary Conditions



	
Define Boundary Conditions:



	
  For each Node in Model:



	
    Apply Constraints (displacements, rotations)



	
// Step 4: Loading Conditions



	
Define Loads:



	
    Specify the type of moving load



	
    Apply Load Magnitude



	
    Assign Load Direction



	
    Attach Loads to Nodes



	
// Step 5: Analysis Type



	
Select Analysis Type:



	
  Dynamic Analysis:



	
    Define Dynamic Analysis Parameters (time history)



	
// Step 6: Mesh Generation



	
Generate Mesh:



	
  Define Mesh Density



	
  Generate Finite Element Mesh



	
// Step 7: Solve the Model



	
Run Analysis:



	
  Execute Solver based on Selected Analysis Type



	
  Monitor Convergence Criteria



	
  Output Results (displacements, stresses, strains, acceleration)



	
// Step 8: Post-Processing



	
Post-Processing:



	
    Extract displacements, stresses, strains, acceleration



	
    Generate Result Tables and Reports



	
// Step 9: Validation



	
Validate Results:



	
  Compare with Experimental Data



	
  Check for Errors and Adjust Model as Necessary
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Figure 1. (a) China’s high-speed railway network [34]; (b) the distribution of faults and ground fissures in the study area (the map was drawn using ArcGIS 10.5 (https://www.esri.com/)); (c) vertical differential settling due to fissure; (d) ground surface cracking due to fissure; (e) TY3 ground fissures profile. 
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[image: Applsci 14 09329 g001]







[image: Applsci 14 09329 g002] 





Figure 2. (a) High-speed railway and ground fissure orthogonal θ = 90°; (b) θ = 60°; (c) θ = 30°. 






Figure 2. (a) High-speed railway and ground fissure orthogonal θ = 90°; (b) θ = 60°; (c) θ = 30°.



[image: Applsci 14 09329 g002]







[image: Applsci 14 09329 g003] 





Figure 3. Standard section of the CFG pile in the composite foundation (unit: m). 
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Figure 4. Excitation force load time–history curve. 
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Figure 5. Schematic diagram of contact surface element. 
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Figure 6. Viscoelastic boundary. 
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Figure 7. Measuring line position. 
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Figure 8. (a) Comparison of the physical model and the θ = 90° numerical model; (b) θ = 60°; (c) θ = 30°; (d) schematic diagram of the location of the survey line and the cross-ground fissures at different angles. 
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Figure 9. Horizontal variation curve of displacement amplitude inside the foundation (θ = 90°). 
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Figure 10. Attenuation curve displacement amplitude with depth (high-speed railway and ground fissure orthogonal θ = 90°). 
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Figure 11. Variation curves of stress amplitudes across ground fissures at different angles in two kinds of foundation forms (measuring line 1): (a) θ = 90°; (b) θ = 60°; (c) θ = 30°; (d) schematic diagram of the location of the measuring line and the cross-ground fissures at different angles. 
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Figure 12. Horizontal variation curve of acceleration amplitude inside the foundation (θ=90°). 
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Figure 13. Attenuation curve of foundation acceleration amplitude with depth (θ = 90°). 
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Figure 14. Stress amplitude change curve of the structural layer along the foundation at different intersection angles (measuring line 1): (a) θ = 90°; (b) θ = 60°; (c) θ = 30°; (d) schematic diagram of the location of the survey line and the cross-ground fissures at different angles. 
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Figure 15. Horizontal variation curve of stress inside the foundation (θ = 90°). 
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Figure 16. Attenuation curve of stress amplitude with depth (θ = 90°). 
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Figure 17. Mechanical response curve of the pile in the composite foundation: (a) axial force and (b) side friction. 
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Table 1. Soil layer parameters [9].
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	Parameter
	Unit Weight γ

/kN∙m−3
	Modulus of Elasticity E/MPa
	Poisson Ratio μ
	Cohesion c/kPa
	Friction Angle φ/°





	① Silt
	18.0
	21
	0.34
	16.4
	28.5



	② Interbedding of

silty clay and silt
	19.8
	30
	0.32
	23.75
	17










 





Table 2. Subgrade parameters [9].
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	Parameter
	Unit Weight γ/kN∙m−3
	Elastic Modulus E/MPa
	Poisson Ratio μ
	Cohesion c/kPa
	Friction Angle φ/°





	Rail
	78
	2.1 × 105
	0.15
	---
	---



	Sleeper
	25
	3 × 104
	0.20
	---
	---



	Ballast
	20
	200
	0.25
	0
	40



	Surface layer of the subgrade bed
	19.5
	190
	0.3
	80
	30



	Bottom layer of the subgrade bed
	19
	120
	0.3
	70
	28



	Embankment
	18.5
	60
	0.35
	60
	25



	Concrete base plate
	25
	3 × 104
	0.16
	---
	---



	CFG pile
	20
	2 × 104
	0.2
	---
	---










 





Table 3. Numerical simulation conditions.






Table 3. Numerical simulation conditions.





	
Condition Number

	
Intersection Angle θ/°

	
Foundation Form

	
Train Direction






	
①

	
30°

	
Composite foundation

	
From the hanging wall to the footwall




	
②

	
Natural foundation




	
③

	
60°

	
Composite foundation




	
④

	
Natural foundation




	
⑤

	
90°

	
Composite foundation




	
⑥

	
Natural foundation

	











 





Table 4. High-speed train parameters [9].






Table 4. High-speed train parameters [9].





	Parameters
	Value
	Parameters
	Value





	Marshaling form/section
	8
	Marshaling weight/kN
	3884



	Bogie axle distance/m
	2.500
	Bogie axle weight/t
	≤15



	Vehicle width/m
	3.380
	Vehicle height/m
	3.700



	Length of intermediate/m
	25.000
	Length of head/m
	26.500



	Total length/m
	203.000
	Center distance of bogie/m
	17.500










 





Table 5. Viscoelastic boundary parameters.






Table 5. Viscoelastic boundary parameters.





	
Parameter

	
Spring Rate /(kN·m−3)

	
Damping Coefficient/(kN·s·m−1)




	
kx

	
ky

	
kz

	
Cp

	
cs






	
Ballast

	
---

	
60,158

	
---

	
489

	
200




	
Surface layer of the subgrade bed

	
---

	
39,284

	
---

	
547

	
206




	
Bottom layer of the subgrade bed

	
---

	
13,726

	
---

	
429

	
162




	
Embankment

	
---

	
7037

	
---

	
299

	
113




	
Silt

	
672

	
739

	
---

	
198

	
69




	
Interbedding of silty clay and silt

	
988

	
1074

	
587

	
269

	
97











 





Table 6. Influencing factor level table.
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	Level
	A/MPa
	B/MPa
	C/m
	D/m





	I
	80
	40
	0.6
	10



	II
	100
	60
	1.0
	15



	III
	120
	80
	1.4
	20



	IV
	140
	100
	1.8
	25










 





Table 7. Orthogonal test table.
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Test Condition Number

	
Test Factors and Levels




	
A/MPa

	
B/MPa

	
C/m

	
D/m

	
E (Blank)






	
1

	
80

	
40

	
0.6

	
10

	
I




	
2

	
80

	
60

	
1.0

	
15

	
II




	
3

	
80

	
80

	
1.4

	
20

	
III




	
4

	
80

	
100

	
1.8

	
25

	
IV




	
5

	
100

	
40

	
1.0

	
20

	
IV




	
6

	
100

	
60

	
0.6

	
25

	
III




	
7

	
100

	
80

	
1.8

	
10

	
II




	
8

	
100

	
100

	
1.4

	
15

	
I




	
9

	
120

	
40

	
1.4

	
25

	
II




	
10

	
120

	
60

	
1.8

	
20

	
I




	
11

	
120

	
80

	
0.6

	
20

	
IV




	
12

	
120

	
100

	
1.0

	
10

	
III




	
13

	
140

	
40

	
1.8

	
15

	
III




	
14

	
140

	
60

	
1.4

	
10

	
IV




	
15

	
140

	
80

	
1.0

	
25

	
I




	
16

	
140

	
100

	
0.6

	
20

	
II











 





Table 8. Significance criteria of influencing factors.






Table 8. Significance criteria of influencing factors.





	Criteria
	Significance





	    F A  >  F  0.01   (  n 1  ,  n 2  )   
	Extremely significant



	    F  0.05   (  n 1  ,  n 2  ) <  F A  <  F  0.01   (  n 1  ,  n 2  )   
	Significant



	    F  0.10   (  n 1  ,  n 2  ) <  F A  <  F  0.05   (  n 1  ,  n 2  )   
	Generally significant



	    F A  <  F  0.10   (  n 1  ,  n 2  )   
	Not significant










 





Table 9. Variance analysis of influencing factors of displacement difference.
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	Factor
	Sum of Squared Deviations
	Degrees or Freedom
	F Value
	Significance





	A
	0.002
	3
	2
	Not significant



	B
	0.001
	3
	1
	Not significant



	C
	0.008
	3
	8
	Generally significant



	D
	0.016
	3
	16
	Significant



	Error
	0.00
	3
	---
	---










 





Table 10. Variance analysis of influencing factors of acceleration difference.






Table 10. Variance analysis of influencing factors of acceleration difference.





	Factor
	Sum of Squared Deviations
	Degrees or Freedom
	F Value
	Significance





	A
	0.852
	3
	1.131
	Not significant



	B
	0.029
	3
	1.234
	Not significant



	C
	8.015
	3
	10.644
	Significant



	D
	2.027
	3
	2.692
	Not significant



	Error
	0.75
	3
	---
	---










 





Table 11. Variance analysis of influencing factors of stress difference.






Table 11. Variance analysis of influencing factors of stress difference.





	Factor
	Sum of Squared Deviations
	Degrees or Freedom
	F Value
	Significance





	A
	0.091
	3
	1.569
	Not significant



	B
	0.060
	3
	1.034
	Not significant



	C
	0.417
	3
	7.190
	Generally significant



	D
	1.135
	3
	19.569
	Significant



	Error
	0.06
	3
	---
	---
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