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Abstract

:

The driving comfort of a straddle-type monorail, while considering the influence of the bridge structure, was studied on the basis of multibody dynamics and the finite element method. In this study, the coupled vehicle-bridge model was established through SIMPACK and ANSYS; the 3D model of the bridge was established in ANSYS, and the vehicle model with 35 degrees of freedom (DOFs) was established in SIMPACK. The influence of the vehicle speed, pier height, track irregularity, and vehicle load on riding comfort was studied. Overall, straddle-type monorails had a good running stability, and the lateral comfort of the vehicle was better than the vertical comfort, due to symmetrical horizontal wheels. As the vehicle speed increased, the acceleration of the bridge and vehicle increased accordingly. Track irregularity had a substantial influence on riding comfort. Three types of track irregularity were simulated, and this factor should be strictly controlled to be smoother than the Chinese national A-level road roughness. The bridge pier height had a notable influence on the lateral riding comfort. In addition, this study attempted to improve riding comfort from the perspective of increasing the bridge stiffness, which could be achieved by increasing the cross-beam thickness or the track beam height.
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1. Introduction


Rail transit has become a lifeline of urban transportation and is characterized by fast speeds, large traffic volumes, good ride environments, and short operation delays [1]. Straddle-type monorails are a new form of rail transit that requires a small floor space, a short construction period, and exhibits good topographic adaptability [2,3,4,5]. There are concrete or steel track beams instead of steel rails in a straddle-type monorail, and these beams not only bear vehicle loads but also serve as guiding tracks. The straddle-type monorail vehicle has three types of rubber wheels that are called the walking wheel, the guiding wheel, and the stability wheel [6], which directly contact the track beam. Many cities in China have either used this form of transportation or have included it in traffic planning. To meet passenger requirements for travel comfort, it is necessary to analyze the vehicle-bridge coupling vibrations and study the riding comfort of straddle-type monorails. Most current dynamic analysis approaches and riding comfort studies for rail transit involve railways. However, the wheel–rail contact mechanism of straddle-type monorails is rubber wheel–road contact, which is quite different from the contact mechanism in traditional rail transit.



Vehicle–bridge coupling vibration is a complex dynamic problem that involves vehicle mechanics, bridge supports, vehicle speed, and track or road irregularities. Chu et al. [7,8,9] proposed a vehicle model for studying vehicle-bridge coupling vibrations, wherein the model had 11 degrees of freedom (DOFs) and considered only vertical vibrations. Wang et al. [10,11,12] studied the spatial vibration response of a train passing through a simply supported truss bridge, by using separate vehicle–bridge motion equations and considering irregular excitations. Vanbogaert [13] investigated the dynamic response of a train passing through an arch bridge and calculated the impact coefficient, which could reflect the influence of a vehicle load on the dynamic performance of a bridge. Another noteworthy contribution was made by Eom and Lee [14], who studied the running safety of trains passing through curves and defined a relationship between the derailing coefficient, the load reduction rate, the curve radius, and the track slope. Miyamoto et al. [15,16] considered earthquake events when analyzing the coupling response and the riding comfort of a train–bridge system. Fryba [17] focused on the resonance phenomenon between a train and a bridge and proposed a simple expression of the dynamic amplification coefficient. Lee et al. [18] made a great contribution to establish the motion equation of a coupled vehicle–bridge system based on the Lagrange equation, and then studied the influence of vehicle speed and load on vehicle–bridge coupling vibrations. Their results showed that the lateral dynamic response of the bridge was positively correlated with vehicle speed but negatively correlated with load. Naeimi [19] proposed a train–track beam interaction model based on multibody dynamics and finite element (FE) simulations, and studied the effect of train motion on the dynamic responses of bridge structures. The track beam was numerically simulated with flexible elements, and the monorail vehicle was simulated with the multibody software MSC Adams. In the field of highway traffic, Yang [20] presented a parametric analysis on vehicle riding comfort, wherein the influences of track irregularity, bogie stiffness, suspension system damping, and other factors were considered. Carlbom [21] suggested that a bogie could be simulated as a multibody model and that a car body could be simulated as an FE model; moreover, they established the motion equation for the flexible multibody model, while considering track irregularity. Zhang [22] detected the damage of highway bridges under the action of vehicle loads, with strain monitoring data. Gao [23,24] simulated and analyzed the dynamic characteristics of the highway vehicle–bridge coupling system based on ANSYS.



Several studies on the dynamic behavior of monorail traffic were carried out based on the above research results. Yildiz and Sivrioglu [25] proposed a method to study the dynamic responses of straddle-type monorail trains, under the action of transverse winds, and used shock absorbers to control the lateral and rolling motion of the vehicle. Ivanchenko [26] proposed a substructure method to study the dynamic responses of monorails during high-speed operation. The vehicles were regarded as a moving substructure comprising rod elements, whereas the bridge was regarded as rigid bodies with viscoelastic links. Hence, the complex equations of motion of the system were replaced by those of two simple substructures. Rybak [27] established a monorail–bridge–foundation system model to assess the vibration characteristics of the monorail system. However, the motion equation of the vehicle was complicated, and the motion equation of the elastic monorail-bridge system was difficult to solve due to the particular structure of straddle-type monorails. The vehicle in a straddle-type monorail is a typical multi-rigid body structure. Therefore, a method based on multibody dynamics was developed to study the dynamic behavior of straddle-type monorail-bridge systems.



Goda [28,29,30] established the motion equation of a straddle-type monorail vehicle through multibody dynamics and studied its curve passing performance, without considering the deformation of the track beam. Zheng et al. [31,32] established a straddle-type monorail vehicle model with the multibody software SIMPACK, analyzed the dynamic response of the vehicle in curve driving, and proposed a reasonable curve driving speed. However, supporting structures or bridges of monorail traffic were ignored. Shi et al. [33] conducted a dynamic test on the typical sections of the Chongqing straddle-type monorail, during which they tested the strain, displacement, and acceleration of the track beam under different speeds and braking conditions, thereby, providing a database for follow-up studies on the dynamic behavior of straddle-type monorails. Bao et al. [34] established a monorail suspension model with SIMPACK and carried out dynamic analysis of the coupled vehicle–bridge system, through which they studied the influence of factors, such as speed and track irregularity, on the dynamic characteristics of the coupled system. Qiao [35] carried out dynamic simulations on straddle-type monorail vehicle–bridge coupled systems, and proposed improved design parameters for the track beam. Several scholars made substantial efforts to solve the problem of vehicle–bridge coupling vibrations in straddle-type monorails, based on the multibody dynamic theory. However, although the supporting bridge of a monorail is a typical elastic structure, it is still necessary to explore a suitable method to study vehicle–bridge coupling vibrations, based on the characteristics of straddle-type monorails and bridges. In this study, a combined method based on FE theory and multibody dynamics was proposed, which accounted for the dynamic characteristics of the vehicle and the bridge.



In this study, a coupled vehicle–bridge model was proposed, based on FE theory and multibody dynamics. The FE method was used to establish an elastic bridge model, whereas the multibody dynamics theory was used to establish a vehicle model. These were combined by the coordination of wheel–rail contact points. Taking the bridge dynamic response and vehicle dynamic response as the main indices, the influence laws of the vehicle speed, pier height, vehicle load, and track irregularity, on the dynamic performance and riding comfort of straddle-type monorails were studied. Finally, measures to improve the riding comfort of straddle-type monorails were proposed, which could provide some basis for designing similar projects.




2. Coupled Straddle-Type Monorail–Train System


The coupled straddle-type monorail–bridge system was simulated based on the multibody dynamics method and the FE method. First, the straddle-type monorail model was established in SIMPACK—multibody dynamics software—and then the monorail train model was assembled by monorail models. A simply supported track beam bridge model was established by ANSYS, which is an FE analysis software program. Finally, the coupling of the monorail and bridge was finished in SIMPACK, while considering track irregularity.



2.1. Straddle-Type Monorail Model


A straddle-type monorail train consists of two bogies and a vehicle body. Each bogie is composed of a bogie frame, rubber wheels, a suspension system, and a braking system. There are three types of rubber wheels—walking wheels, which provide movement and bear most of the vertical force; stabilizing wheels, which are installed on each side of the bogie to maintain vehicle balance and prevent vehicle roll; and guiding wheels, which play an important role in guiding the direction of the vehicle, especially when passing curves. The suspension system acts as a force transmission and vibration attenuation device and consists of two air springs, two shock absorbers, and a traction rubber pile. The dynamics analysis model of a straddle-type monorail vehicle is shown in Figure 1.



Rigid bodies are used to simulate the vehicle body, bogies, and wheels in SIMPACK, the mechanical characteristics of the suspension system are simulated by force elements, and the elastic characteristics of the rubber wheels are simulated by the tire elements. The DOFs of the vehicle model are defined by hinges and constraints. In this study, six rigid body DOFs, which are described as longitudinal, vertical and lateral translation, rolling, pitching, and yawing, were considered for the vehicle body and the bogies, and one rotation freedom was considered for each rubber tire. Thus, the monorail vehicle model had 38 DOFs, as shown in Table 1.



A topology graph that clearly describes the relationship between the various components of the monorail vehicle was introduced as the modeling basis, which was convenient for model troubleshooting. The topology graph of a straddle-type monorail is presented in Figure 2. The tire was adopted to simulate the tire force in the vehicle model; it was a connecting element in a multi-body system composed of springs and dampers connected in parallel. The main parameters for vehicle modeling are listed in Table 2 [32,35].



To simplify the dynamic analysis process and improve the efficiency of the solution, the four following basic assumptions were proposed for the vehicle model:




	
The vehicle moved at a constant speed, and the walking wheels always clung to the upper surface of the track beam while driving.



	
The vehicle model was symmetrical about the X and Y axes.



	
The braking and power systems were ignored during modeling; however, their mass and inertia were superimposed on the bogie frames.



	
The body, bogies, and wheels vibrated with minute displacements at their equilibrium positions.









2.2. Bridge Model


The superstructure of a monorail bridge consisted of two separate concrete track beams that have low stiffness. Simply supported beam bridges with a span of 22–26 m were generally used in straddle-type monorail transportation systems. The standard cross-sectional dimensions of the track beam, as shown in Figure 3, were 85 mm in width and 150 mm in height. Three middle crossbeams and two end crossbeams were built in each span. The center distance between the two separate track beams was 3.7 m. The piers were made of C30 concrete with cross-sectional dimensions of 1.7 m × 1.7 m and a coping height of 1.5 m, and the height of the pier was at least 7 m in this paper, to satisfy the road boundary requirements that the track surface should be approximately 10 m from the ground.



In this study, ANSYS was applied to establish a 3 m × 22 m double-line simply supported beam bridge model for straddle-type monorail traffic. The dynamic response of a bridge was generally calculated by numerical integration or the mode superposition method. The equation of motion of a bridge model could be written as follows [36]:


   M   u ¨  +  C   u ˙  +  Κ  u =  F   



(1)




where M, C, and K are the mass matrix, damping matrix, and stiffness matrix, respectively;   u ¨  ,   u ˙  , and u are the acceleration, velocity, and displacement of the bridge, respectively; and F is the external force matrix of the bridge, which is generally the vehicle load matrix or the vehicle–bridge interaction force matrix for the bridge subsystem of a coupled vehicle–bridge system.



Low-order modes are the main focus in vehicle–bridge coupling vibration problems; thus, the lumped mass matrix and the mode superposition method could be used to solve the dynamic response of the bridge. The total displacement of the bridge was the superposition of the components of each mode:


   u  =  φ 1   Y 1  +  φ 2   Y 2  + ⋯ +  φ N   Y N  =   ∑  n = 1  N    φ n   Y n    =  Φ Y   



(2)




where    φ n    is the mode vector, Φ is the mode matrix, Y is the generalized coordinate vector, and N is the number of DOFs of the whole bridge.



To conveniently establish the kinematic relationship between the vehicle and the bridge at the contact points and avoid the conversion and interpolation of degrees of freedom, SOLID73 elements, which had six DOFs at each node, were employed to model the bridge in ANSYS. The FE model of the bridge was divided into 24,544 elements and 38,552 nodes by equidistant FE meshes. Finger-type expansion joints were installed between two adjacent spans to constrain the lateral movement; thus, the transverse DOFs of the corresponding nodes in the track beam were constrained. All six DOFs of the nodes at the bottom of the piers were constrained to simulate the boundary condition. The FE model of a monorail bridge is shown in Figure 4. As the mode superposition method was adopted, the bridge model was limited to linear analysis.



This study performed modal analysis on the bridge and extracted the results of the first 20 orders. Table 3 illustrates the corresponding frequency and modes, wherein the first-order transverse bending frequency of the bridge was 3.69 Hz, and the first-order vertical bending frequency was 6.42 Hz.




2.3. Track Irregularity


Track irregularity is the dominant factor in stimulating vehicle vibration and is generally applied as a temporal excitation to the coupled vehicle–bridge system. Straddle-type monorails use pneumatic rubber tires and concrete track beams, and the wheel–rail contact mechanism is distinct from that in traditional railway traffic; obviously, the wheel–rail contact mechanism in straddle-type monorails is similar to the contact between automobile tires and the road surface. The road roughness was obtained from the actual measurement of a large number of road pavements through inspection vehicles, which reflected the wear between the rubber tires and the asphalt or the cement concrete pavement. Thus, it was meaningful to simulate the surface roughness of track beam in a monorail through the road roughness. The vertical irregularity along the longitudinal direction of the route uz and the longitudinal irregularity along the lateral direction of the beam surface were simulated in SIMPACK. The national standard road roughness in China was regarded as a stationary Gaussian process, and the power spectral density (PSD) function in Equation (3) was introduced to express its statistical characteristics [37]:


   G q  ( n ) =  G q  (  n 0  )   (  n   n 0    )   − w    



(3)




where n is the spatial frequency, m−1;    n 0    is the reference spatial frequency, whose value in this study was 0.1 m−1;    G q  (  n 0  )   is the coefficient of road roughness, m2/m−1, whose value is shown in Table 4; and w is the frequency index, whose value in this study was 2.



The surface roughness of the track beam based on the A- and B-level national standard road roughness are simulated with Equation (3) through the trigonometric series methods, and the samples are illustrated in Figure 5.



As a type of rail transit, the straddle-type monorail was restricted by railway regulations in several aspects. Naturally, the requirements for track irregularity were stricter than those for road roughness. Although it was difficult and unnecessary for the track beam roughness of straddle-type monorail to meet the requirements of rails due to the influence of factors like materials, manufacturing processes, operating conditions, and operating speeds, the railway irregularity still had reference significance to the straddle-type monorail. The surface irregularity of the track beam in a straddle-type monorail system was actually between the road roughness and the railway track irregularity. A representative irregularity of the railway was American six-level track irregularity. Hence, it was meaningful to simulate the surface irregularity through American six-level track irregularity. The PSD functions of American six-level track irregularity are shown as Equation (4) [38]:


     S V  ( Ω ) =   k  A V   Ω c 2     Ω 2  (  Ω 2  +  Ω c 2  )        S α  ( Ω ) =   k  A α   Ω c 2     Ω 2  (  Ω 2  +  Ω c 2  )        S c  ( Ω ) =  S g  ( Ω ) =   4 k  A V   Ω c 2    (  Ω 2  +  Ω c 2  ) (  Ω 2  +  Ω s 2  )      



(4)




where SV(Ω), Sα(Ω), Sc(Ω), and Sg(Ω) are the PSD of the track longitudinal irregularity, track alignment irregularity, horizontal irregularity, and gauge irregularity, respectively; Ω is the angular spatial frequency, rad/m; k is the safety factor, whose value was 0.25; Ωc and Ωs are the cutoff frequencies, rad/m, whose values were 0.8245 and 0.4380 respectively; and AV and Aα are the roughness constants, cm2/rad/m, whose values were 0.0339 and 0.0339, respectively.



American six-level track irregularity was simulated by the trigonometric series method and converted into the surface roughness parameters of the track beam, through Equation (5) [39]. The vertical and longitudinal surface roughness of the track beam are shown in Figure 6:


   [       u y         u z         u φ         d y       ]  =  [       1 2       1 2     0   0     0   0     1 2       1 2       0   0    −  1   e 0         1   e 0         1    − 1    0   0     ]   [       y 1         y 2         z 1         z 2       ]   



(5)




where uy is the alignment irregularity of American six-level track irregularity; uz is the longitudinal irregularity of American six-level track irregularity; uφ is the horizontal irregularity of American six-level track irregularity; dy is the gauge irregularity of American six-level track irregularity; z1 and z2 are the track beam roughness values of the left and the right walking wheels in the vertical direction, respectively; y1 and y2 are the track beam roughness values of the left and the right walking wheels in the longitudinal direction, respectively; and e0 is a constant, whose value is 1.



Japanese researchers have fitted the PSD function of surface irregularity for steel track beams in a monorail, based on measured data, as shown in Equation (6) [40]. Although the surface roughness of steel track beams is lower than that of concrete track beams, the surface roughness of the steel track beams is meaningful for the study of the dynamic response, as measured in practice. The surface roughness of a track beam based on Japanese steel tracks is shown in Figure 7.


   S  z 0   ( Ω ) =  α   Ω n  +  β n     



(6)




where  Ω  is the angular spatial frequency, and α, β, and n are the tire-related constants, which were 0.0005, 0.35, and 3.00 for the walking wheels, 0.0006, 0.50, and 2.80 for the guiding wheels, and 0.0006, 0.50, and 2.60 for the stabilizing wheels, respectively.



The range of surface roughness based on the national standard road roughness was the largest, of which the A-level was −10 to 10 mm and the B-level was −20 to 20 mm. The range of the surface roughness based on American six-level track irregularity was −8 to 8 mm, and the surface roughness based on the Japanese steel track irregularity was −2 to 2 mm. The surface roughness of the concrete track beams in a straddle-type monorail, which lacked the measured data and the fitted PSD, was within the above roughness ranges. Therefore, three types of surface roughness were simulated to study the influence of irregularity on the vehicle–bridge coupled system in this study.




2.4. Coupled System of a Straddle-Type Monorail and a Bridge


Co-simulations with the FE software are supported in SIMPACK. The size of the FE model must be reduced before performing the co-simulation, as the number of DOFs in the FE model could reach 106, while the multibody model had approximately 500 DOFs. The Guyan reduction method was applied to the substructure analysis in ANSYS, and the whole bridge model was reduced into a super-element that included the mass, stiffness, and damping information. All DOFs of the wheel–track contact points in the bridge FE model were selected as the main DOFs, according to the requirements of the co-simulation. The motion equation of the reduced bridge model [41] is shown in Equation (7):


    [  K  z z   ]  *  {  U z  } =   {  F z  }  *   



(7)




where     [  K  z z   ]  *    is the stiffness matrix of the super-element,   {  U z  }   is the main DOF vector, and     {  F z  }  *    is the reduction power vector.



The modal analysis on the bridge substructure was performed, and the mass, stiffness, geometric and modal information of the bridge were stored in the corresponding files. Bridge information was read by the interface program FEMBS, and the bridge super-element was introduced into SIMPACK as an elastic track. The contact points were then defined by the interface program FEMBS. There was a contact relationship between the guide wheels, stabilizing wheels, and the side surface of the track beam. A moving point was established on these tires, and another moving point and a contact line were established on the track beam. The two points always moved along the contact line, and a force element was established between the moving points to simulate the contact force. The walking wheels were always in contact with the upper surface of the track beam, and the contact relationship was divided into uniform contact points by the meshing of the bridge finite element model. At the walking wheel–track contact points, the vehicle subsystem and the bridge subsystem had interaction forces and consistent displacements, and the coupled monorail–bridge system was established through data transmission of those points. The equations of motion of the vehicles and bridges were independent. Iterative calculation was performed in each time step, until the calculation error of the interaction force or the displacement of the two motion equations met the accuracy, and then the next integration step was executed. The process of coupling is depicted in Figure 8. The model of the straddle-type monorail–bridge coupled system is shown in Figure 9.





3. Dynamic Performance of a Straddle-Type Monorail


The dynamic response of a bridge is of great importance to bridge safety and vehicle operations, whereas riding comfort can reflect the vehicle operation and passenger experience. Evaluation criteria for the dynamic response of a straddle-type monorail bridge and the riding comfort of monorail traffic were proposed in this study. The influence of the vehicle speed, bridge pier height, track irregularity, and vehicle load on the bridge response and the riding comfort were studied.



3.1. Evaluation Indices


In the vehicle–bridge coupling dynamic analysis, the natural frequency, acceleration, deflection, and bending angle were the major parameters for evaluating the dynamic response of a bridge. These indicators of railway bridges were well-evaluated and formed a specific evaluation criterion that could be applied to straddle-type monorail bridges as a reference.



Riding comfort consists of running safety and running stability. Running safety indicated that the train did not derail or overturn, which is usually evaluated by the derailment coefficient, the rate of wheel load reduction, the lateral wheelset force, the overturning coefficient, and other indicators. There were stability wheels and guiding wheels on both sides of the straddle-type monorail bogie to hold the track beam, so train derailment and overturning were not applicable. Running stability reflected the vibration performance of a vehicle and the riding comfort of passengers, which is usually evaluated by the maximum acceleration of the vehicle vibration and the Sperling comfort index.



3.1.1. Deflection of the Bridge


To maintain the actual stress state of the bridge within the design range, the bridge deformations in transverse and vertical direction should be controlled. National standard TB 10002-2017 stipulates that the transverse deflection of a railway bridge beam should not exceed L/4000 [42], whereas national standard GB 50458-2008 stipulates that the vertical deflection of a monorail track beam should not exceed L/800 [43]. As L was 22 m in this study, the deflection limits were 5.5 mm in the transverse direction and 27.5 mm in the vertical direction.




3.1.2. Vibration Acceleration of the Bridge


It was essential to control the vibration acceleration of the bridge in case of structural failure of the track under strenuous bridge dynamic responses. National standard TB 10002-2017 stipulates that the maximum limit value for the bridge vertical vibration acceleration of a railway with a design speed of 200 km/h is 3.5 m/s2 for ballasted bridge decks, and 5.0 m/s2 for unballasted bridge decks. The test results from the Japanese railways showed that train derailment was likely to occur when the lateral vibration acceleration of the bridge reached 0.1–0.2 g.



Considering the above evaluation criteria, in this study, the lateral vibration acceleration limit of the bridge was set to 0.1 g (i.e., 1.0 m/s2), and the vertical vibration acceleration limit of the bridge was set to 3.5 m/s2.




3.1.3. Angle of the Bridge


To avoid excessive lateral displacement caused by the torsion of the beam, the midspan torsion angle in the beam needed to be limited, and the limit value was 5.0‰rad. Under the vertical load of a train, the vertical bending angles increased at the beam ends. The bending angle of a beam end was an index reflecting the stability of the track structure, and an excessive value would affect the safety of train operations. This study took the corresponding limit as 1.5‰rad.




3.1.4. Rate of Wheel Load Reduction


The rate of wheel load reduction was defined as the ratio between the load reduction of one wheel and the average load of the wheelset, as shown in Equation (8), which was used to evaluate the running safety of vehicles. In straddle-type monorail systems, the rate of wheel load reduction was adopted to limit side slip, which was caused by excessive load reduction on one side of a wheelset:


    Δ P  P  =    P 1  −  P 2     P 1  +  P 2     



(8)




where P1 and P2 are the vertical forces of the walking wheels on the same wheelset.



According to the Chinese national standard ‘Dynamic performance evaluation and test appraisal regulations for railway vehicles’ (GB 5599-85) [44], ΔP/p ≤ 0.6 was the eligibility criterion for the running safety of vehicles.




3.1.5. Vibration Acceleration of the Train Body


The vertical and lateral accelerations of the vehicle body directly affected the riding comfort of the passengers. National standard GB 5599-85 stipulates the maximum values of the vibration acceleration for passenger trains—the vertical vibration acceleration limit was 2.0 m/s2 (0.20 g), and the lateral vibration acceleration limit was 1.5 m/s2 (0.15 g).



The standard ‘Evaluation Method and Standard for Railway Locomotive Dynamic Test’ (TB/T 2360-93), which was formulated by the Ministry of Railways, stipulates the evaluation rules for train body acceleration when a train is crossing a bridge [45]; shown in Table 5. Considering the above two standards, in this study, the vertical acceleration limit and transverse acceleration limit of the train body were 2.00 m/s2 and 1.47 m/s2, respectively.




3.1.6. Sperling Comfort Index


Passenger riding comfort was affected by various factors of the train and environment, among which the vehicle vibration acceleration was the major factor. The Sperling index, which is based on vehicle acceleration, is widely used in riding comfort evaluations. The vibration acceleration of a vehicle body usually includes multiple frequency components, and to calculate the Sperling index, the vehicle body acceleration time history must be decomposed into n groups, according to the frequency. First, the values of Wi were obtained under each frequency group, which were then converted to the Sperling index Wz over the entire time history, according to Equation (9):


   W z  = 0.896       ∑  i = 1  n      A i 3     f i    F  (   f i   )      10   =     ∑  i = 1  n    W i  10       10    



(9)




where Ai is the amplitude of vibration acceleration in the i-th acceleration group at the mass center of the vehicle body, m/s2; fi is the frequency of vehicle vibration, Hz; and F(fi) is the frequency correction coefficient, which is related to the frequency range and vibration direction of the vehicle body, whose calculation method is shown in Table 6. The evaluation standards of the Sperling index are shown in Table 7. For a straddle-type monorail system, the Sperling index should achieve an excellent level or a favorable level.





3.2. Effect of the Train Speed


When studying the influence of monorail speed on the bridge response, the speed range was considered to be 20–80 km/h. The monorail train consisted of four carriages, and the American six-level track irregularity and rated load were adopted in this case. To reduce the influence of the interaction between the carriages on the dynamic response, the first carriage #1 and the second carriage #2 were comprehensively considered, when calculating the vehicle acceleration, Sperling index, and wheel load reduction rate. The variation curves of the bridge response and vehicle responses under different speeds are shown in Figure 10.



Figure 10a–c shows that the vertical deflection, lateral displacement, and torsion angle of the bridge midspan and the bending angles of the beam ends were less affected by the change in vehicle speed, whereas the vertical and lateral accelerations of the bridge were positively correlated with vehicle speed. Figure 10d–f shows that the maximum values of the vertical and transverse acceleration responses of the vehicle body were 1.387 m/s2 and 0.060 m/s2, respectively, which were both less than the corresponding limit values of 2.00 m/s2 and 1.47 m/s2. The acceleration of the mass center and the Sperling index of the vehicle body all increased with increasing speed, and the vertical response changed more dramatically; hence, the faster the vehicle speed, the worse the vehicle stability. The maximum value for the rate of wheel load reduction was 0.096, which was less than the limit of 0.6, indicating that the safety of vehicle operation could be fully guaranteed. The wheel weight reduction rate was less affected by the change in speed. The vertical Sperling index reached 2.512 and the vertical comfort level of the train was ‘good’ when the monorail speed was 80 km/h; in other speed cases, the vertical Sperling index was less than 2.5, and the vertical comfort reached ‘excellent’ status.




3.3. Effect of the Pier Height


This study considered pier heights of 7 m, 8 m, 9 m, 10 m, 11 m, 12 m, and 13 m, and the cross-sectional dimensions of the 11–13 m-high piers were appropriately increased. A speed of 65 km/h, the American six-level track irregularity and a rated load were adopted in this case. The effect of the pier height on the coupled vehicle–bridge system was mainly realized by changing the linear stiffness of piers, as shown in Table 8. The variation curves of the bridge response and vehicle responses are shown in Figure 11.



Figure 11a–c show that—except for the vertical acceleration in the midspan of the bridge—all bridge responses decreased as the linear stiffness of the pier increased, and the transverse dynamic responses of the bridge were more sensitive to the linear stiffness of the pier than the vertical dynamic responses. When piers had low linear stiffness, the bridge exhibited greater flexibility, and the dynamic responses were more greatly affected by the linear stiffness of the piers. When the linear stiffness of the piers exceeded 550 kN/cm, all dynamic responses of the bridge were in good condition, and the travelling comfort of the straddle-type monorail could be guaranteed.



Figure 11d–f illustrates that the maximum values of the vehicle responses were all less than their limit values, and the comfort evaluation results were all in ‘excellent’ state. However, the vertical Sperling index reached 2.461, which was close to the limit value of 2.5 for the ‘excellent’ state. As the linear stiffness of the pier increased, all accelerations at the mass center, the Sperling index of the vehicle, and the rate of wheel load reduction decreased, and the riding comfort increased, among which the lateral responses of the monorail vehicle were greatly affected by the linear stiffness of the pier. When the linear stiffness exceeded 550 kN/cm, the riding comfort of the straddle-type monorail was guaranteed. When the linear stiffness was less than 550 kN/cm, the bridge exhibited greater flexibility, and the responses of the vehicle were very sensitive to changes in the linear stiffness of the pier and increased sharply, as this stiffness increased; moreover, the riding comfort and riding stability of the vehicles became worse in response to these changes.




3.4. Effect of the Track Irregularity


To examine this effect, five cases were considered—no track irregularity, Japanese spectrum track irregularity, American six-level track irregularity, and the national standard road roughness levels A and B, for which the roughness values increased successively. The monorail traveled at a speed of 65 km/h under standard loading, whereas the height of the pier was 7 m.



A comparison of the bridge and vehicle dynamic responses under different track irregularity excitations are shown in Figure 12. The results showed that the maximum value of vertical deflection and lateral displacement in the midspan of the bridge were 9.788 mm and 2.294 mm, which were within the limits. The maximum vertical acceleration of the bridge was 4.722 m/s2, which exceeded the limit of 3.50 m/s2, thereby posing a severe threat to bridge safety. The maximum vertical acceleration of the vehicle body was 2.451 m/s2, which exceeded the limit of 2.00 m/s2. The maximum transverse acceleration of the vehicle body was 0.082 m/s2, which was far less than the limit of 1.47 m/s2. The maximum vertical Sperling index was 2.906, and the vertical comfort was very poor, which was in the ‘qualified’ state, whereas the maximum transverse Sperling index was 1.177, and the transverse comfort reached the ‘excellent’ state.



Figure 12a–c show that the deformation and acceleration of the bridge increased, as the amplitude of the irregularity increased, and the vertical responses of the bridge were very sensitive to the irregularity. In the case of B-level national standard road roughness, each response had a sudden increase, and the vertical acceleration exceeded the limit value. Hence, it was necessary to control the track irregularity.



Figure 12d–f show that the vehicle body acceleration, Sperling index, and the rate of load reduction all increases, as the roughness amplitude increased, among which the vertical responses were quite sensitive to the roughness. When the track irregularity reached the B-level road roughness, several of the monorail vehicle responses exceeded the limit requirements, and the riding comfort was very poor. When the track irregularity was smoother than the A-level road roughness, the riding comfort could generally be guaranteed. The amplitude of the track irregularity in a monorail traffic system should be controlled within a reasonable range to meet the requirements of riding comfort and operational safety.





4. Improvement Measures


According to the above analysis, the riding comfort of a straddle-type monorail could not meet the travel requirements under several operating conditions and thus required further improvements. This study proposed some improvement measures from the perspectives of the bridge parameters.



A larger vertical response, results in violent bridge vibrations, which affect the riding comfort of a straddle-type monorail. According to the above analysis, the vertical response of a bridge is mainly affected by the vertical stiffness and the load on the bridge; hence, this study attempted to reduce the coupling vibration and improve the riding comfort by increasing the stiffness of the bridge. To increase the vertical stiffness, the beam height could be increased, as shown in Figure 13a. To increase the lateral stiffness of a bridge, two methods were proposed in this study, as shown in Figure 13b,c. The first of these methods involved increasing the thickness of the cross-beams, wherein the thickness of the end cross-beams were changed from 0.78 m to 1.5 m, and the thickness of the middle beam was changed from 0.25 m to 0.5 m. The other method involved setting the external beams between the two track beams, wherein the thickness of the end external beams was 1.5 m, and the thickness of the middle external beams was 0.5 m; note that the height was set to 0.15 m, as it was limited by the height of the track beam, and the construction of the vehicle bogie. The improvement measures are summarized in Table 9.



In the dynamic analysis, the running speed of the straddle-type monorail was 65 km/h, the height of the bridge pier was 7 m, and the American six-level track irregularity and rated load were adopted. The responses of the bridge and the train under different improvement measures are shown in Figure 14.



Figure 14a–c show that increasing the width of the inner cross-beams could reduce the deformation and midspan acceleration of the bridge to a certain extent and could substantially reduce the lateral responses of the bridge. The essence of this measure was to increase the local transverse and vertical stiffness of the bridge to weaken the bridge deformation.



When only the track beam height was increased (to 1.7 m), the responses of the bridge decreased substantially, and the improvement effect was superior to that of the first method. The reason was that the increase in beam height created a larger cross-section of the track beam; hence, the vertical stiffness was improved. In addition, the section hollowing area remained the same, the section hollowing rate decreased, and the transverse stiffness was improved.



When the width of the inner beam was increased on the basis that the height of the track beam was 1.7 m, the bridge response results were similar to that when only the beam height was increased. The reason was that the track beam had a large stiffness, and the increase in stiffness provided by the widened inner beams was not obvious, as compared to the stiffness of the track beam.



The vertical deflection, vertical acceleration, midspan torsion angle, and beam end bending angle of the bridge all decreased, whereas the transverse deformation and acceleration of the bridge increased when only two external end cross-beams were placed between the two track beams. The height of the external cross-beams could reach only 0.15 m, the stiffness was weak, and the deformation of the cross-beam led to an increase in the track beam displacement.



When the track beam height was maintained at 1.5 m and two external end cross-beams and three external middle cross-beams were set between the track beams, the vertical deflection, vertical acceleration, and beam end bending angle of the bridge were improved, while the transverse deformation, transverse acceleration, and midspan torsion angle were increased. The external middle beams strengthened the connection between the two track beams, but the increase in track beam transverse responses caused by the deformation of the middle cross-beams exceeded the decrease in the response caused by the integrity of the bridge. In terms of the improvement degree of the bridge responses, measures of widening the inner cross-beams, increasing the track beam height, or a combination of the two methods were the most effective approaches.



Figure 14d–f indicate that in the case where the inner cross-beams were widened, the vehicle acceleration, transverse Sperling index, and the rate of wheel load reduction rate all decreased, whereas the vertical Sperling index did not change significantly. When only the beam height was increased, all vehicle responses were obviously reduced, and the comfort improvement effect was much better. When the inner cross-beams were widened on the basis that the track beam height was 1.7 m, the monorail vehicle responses were almost the same as those when only the beam height increased. When the beam height was unchanged and two external end cross-beams were placed between the track beams, the vehicle acceleration and the rate of wheel load reduction decreased, whereas the Sperling index hardly improved. When the beam height was unchanged and two external end cross-beams and three external middle cross-beams were placed between the track beams, the vehicle acceleration was significantly reduced, the Sperling index and the rate of wheel load reduction decreased, and the monorail vehicle comfort was improved to a certain extent. Considering the improvement degree of the monorail vehicle responses, it was most effective to widen the internal cross-beams, increase the track beam height, or set the external end cross-beams and middle cross-beams between the track beams.



The combination of the above analysis results revealed that the most effective measures to improve the riding comfort of straddle-type monorails were to widen the inner cross-beams and increase the track beam height appropriately, which essentially increased the stiffness of the bridge.




5. Conclusions


To study the riding comfort of a straddle-type monorail considering the influence of the bridge structure, a model of a coupled straddle-type monorail system based on SIMPACK and ANSYS was established in this study. Since the vehicle model with 35 DOFs was established directly in SIMPACK, complicated programming was avoided, and the simulation of a moving vehicle load was more convenient. Dynamic analyses were carried out to study the influencing factors of riding comfort, and measures to improve the riding comfort from the perspective of the bridge structure were explored. For the 3 m × 22 m double-track beam bridge and the four straddle-type monorail trains studied in this study, the following main conclusions could be drawn:




	
The bridge acceleration was positively correlated with speed, whereas the bridge deflection had little correlation with speed. The acceleration and Sperling indices of the vehicle increased with increasing speed, which meant that the riding comfort became worse. Speeds below 75 km/h could ensure good operation conditions. In all cases, the maximum vertical and lateral Sperling indices were 2.512 and 0.933, respectively; the lateral comfort of the vehicle was better due to the symmetrical horizontal wheels.



	
Taking the linear stiffness of the pier as the index of the bridge pier height, the influence of different pier heights on riding comfort is analyzed. The results showed that the vehicle–bridge response generally decreased as the linear stiffness of the pier increased; when the stiffness of the pier was low, the flexibility of the bridge was high. The lateral dynamic responses of the vehicle and bridge were very sensitive to changes in the linear stiffness of the pier.



	
When the amplitude of the irregularity reached the Chinese national B-level road roughness, the vertical Sperling index was 2.906, which indicated poor riding comfort. In practice, the surface roughness of the track beam should be strictly controlled. It should be smoother than Chinese national A-level road roughness, and the range should be between −8 mm and 8 mm. Based on a large number of actual measurements on the track beam surface roughness of straddle-type monorails, a roughness index similar to the International Roughness Index (IRI) could be proposed, and its threshold could be specified to provide guidance for related projects.



	
The proposed measures that increased the stiffness of the track beam were effective for the improvement of riding comfort, such as increasing the thickness of the inner cross-beams and increasing the height of the track beams.
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Figure 1. Dynamics analysis model of a straddle-type monorail. 
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Figure 2. Topology graph of a straddle-type monorail. 
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Figure 3. Bridge structure in this paper (mm). 
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Figure 4. FE model of a monorail bridge. 
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Figure 5. The surface roughness based on the national standard road roughness: (a) A-level and (b) B-level. 
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Figure 6. The surface roughness based on American six-level track irregularity—(a) vertical and (b) longitudinal. 
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Figure 7. The surface roughness based on Japanese steel track irregularity. 
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Figure 8. Coupling process of the vehicle–bridge system. 
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Figure 9. Model of the vehicle–bridge coupled system. 
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Figure 10. Responses of the bridge and the train under different speeds: (a) bridge deflection, (b) bridge acceleration, (c) bridge angle, (d) train acceleration, (e) Sperling index, and (f) rate of wheel load reduction. 
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Figure 11. Responses of the bridge and the train at different pier heights—(a) bridge deflection, (b) bridge acceleration, (c) bridge angle, (d) train acceleration, (e) Sperling index, and (f) rate of wheel load reduction. 
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Figure 12. Responses of the bridge and the train considering differences in track irregularity—(a) bridge deflection, (b) bridge acceleration, (c) bridge angle, (d) train acceleration, (e) Sperling index, and (f) rate of wheel load reduction. 
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Figure 13. Improvement measures for the bridge—(a) increasing the thickness of the inner cross-beams (mm), (b) increasing the beam height (mm), and (c) setting external cross-beams (mm). 






Figure 13. Improvement measures for the bridge—(a) increasing the thickness of the inner cross-beams (mm), (b) increasing the beam height (mm), and (c) setting external cross-beams (mm).



[image: Applsci 10 05258 g013]







[image: Applsci 10 05258 g014 550] 





Figure 14. Responses of the bridge and the train under different improvement cases—(a) bridge deflection, (b) bridge acceleration, (c) bridge angle, (d) train acceleration, (e) Sperling index, and (f) rate of wheel load reduction. 
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Table 1. Degrees of Freedom (DOFs) of a straddle-type monorail vehicle.
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	Components
	Longitudinal Translation

x
	Vertical Translation

y
	Lateral Translation

z
	Rolling

α
	Pitching

β
	Yawing

γ





	Vehicle body and bogies
	√
	√
	√
	√
	√
	√



	Walking wheels
	-
	-
	-
	-
	√
	-



	Guiding wheels
	-
	-
	-
	-
	-
	√



	Stabilizing wheels
	-
	-
	-
	-
	-
	√
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Table 2. Main parameters for the monorail vehicle.
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	Parameter
	Notation
	Value
	Parameter
	Notation
	Value





	Vehicle body length (mm)
	L0
	14,800
	Running wheel damping (N·s/m)
	Cz
	26100



	Middle vehicle body length (mm)
	L1
	13,900
	Guiding wheel stiffness (N/m)
	Kd
	980,000



	Bogie centre distance (mm)
	L
	9600
	Guiding wheel damping (N·s/m)
	Cd
	185,000



	Vehicle body width (mm)
	D
	2900
	Stabilizing wheel stiffness (N/m)
	Kw
	980,000



	Vehicle height (mm)
	Hc
	5300
	Stabilizing wheel damping (N·s/m)
	Cw
	185,000



	Track beam width and height (mm)
	B&H
	850&1500
	Lateral stiffness of the air spring (N/m)
	Kky
	980,000



	Wheelbase of the running wheel (mm)
	lz
	1500
	Lateral damping of the air spring (N·s/m)
	Cky
	10,000



	Wheelbase of the guiding wheel (mm)
	ld
	2500
	Vertical stiffness of the air spring (N/m)
	Kkz
	160,000



	Vehicle mass (kg)
	Mc
	14,220
	Vertical damping of the air spring (N·s/m)
	Ckz
	45,400



	Bogie mass (kg)
	Mb
	6200
	Shock absorber stiffness (N/m)
	Kj
	9,810,000



	Running wheel mass (kg)
	Mz
	54
	Longitudinal stiffness of the traction rubber pile (N/m)
	Kqx
	500,000



	Guiding wheel mass (kg)
	Md
	30
	Longitudinal damping of the traction rubber pile (N·s/m)
	Cqx
	50,000



	Stabilizing wheel mass (kg)
	Mw
	30
	Lateral stiffness of the traction rubber reactor (N/m)
	Kqy
	50,000



	Running wheel stiffness (N/m)
	Kz
	1,180,000
	Lateral damping of the traction rubber reactor (N·s/m)
	Cqy
	5000










[image: Table] 





Table 3. Frequencies and vibration modes of the bridge.
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	Order Number
	Frequency (Hz)
	Vibration Mode





	1
	3.07
	Pier: symmetric lateral bending



	2
	3.36
	Pier: asymmetric lateral bending



	3
	3.69
	Track beam: first-order symmetric lateral bending



	4
	4.21
	Symmetric lateral bending of two track beams-1



	5
	4.36
	Symmetric lateral bending of two track beams-2



	6
	4.50
	Piers bending and beams floating longitudinally



	7
	4.55
	Piers bending longitudinally and beam exhibiting symmetric lateral bending



	8
	4.58
	Piers bending longitudinally and beams exhibiting asymmetric lateral bending



	9
	4.63
	Piers bending transversely



	10
	5.97
	Piers transversely bending and beams exhibiting symmetric lateral bending



	11
	6.02
	Piers transversely bending and beams exhibiting asymmetric lateral bending



	12
	6.16
	Piers exhibiting asymmetric transverse bending



	13
	6.42
	Track beam: first-order symmetric vertical bending



	14
	6.52
	Track beam: first-order asymmetric vertical bending



	15
	6.63
	Track beam: second-order symmetric vertical bending
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Table 4. The coefficient of road roughness.
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	The Level
	The Average Value of Gq(n0)

(10−6 m2/m−1)
	The Level
	The Average Value of Gq(n0)

(10−6 m2/m−1)





	A
	16
	E
	4096



	B
	64
	F
	16,384



	C
	256
	G
	65,536



	D
	1024
	H
	262,144
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Table 5. Evaluation standards for the vibration acceleration of a train body.
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	Class
	Excellent
	Well
	Pass





	Vertical acceleration (m/s2)
	2.45
	2.95
	3.63



	Transverse acceleration (m/s2)
	1.47
	1.98
	2.45
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Table 6. The value of the frequency correction coefficient F(f).
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	The Frequency of Vertical Vibration
	F(f)
	The Frequency of Horizontal Vibration
	F(f)





	f < 0.5 Hz
	0
	f < 0.5 Hz
	0



	0.5 Hz < f < 5.9 Hz
	0.325f2
	0.5 Hz < f < 5.4 Hz
	0.8f2



	5.9 Hz < f ≤ 20 Hz
	400/f2
	5.4 Hz < f ≤ 26 Hz
	650/f2



	f > 20 Hz
	1
	f > 26 Hz
	1










[image: Table] 





Table 7. Evaluation standards for the vibration acceleration of a train body.
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Class

	
Index Wz




	
Locomotive

	
Passenger Train

	
Freight Train






	
I

	
Excellent

	
<2.75

	
<2.5

	
<3.5




	
II

	
Favorable

	
2.75~3.10

	
2.5~2.75

	
3.5~4.0




	
III

	
Pass

	
3.10~3.45

	
2.75~3.0

	
4.0~4.25
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Table 8. Linear stiffness of a bridge pier.
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	Height (m)
	Width (m)
	Stiffness (kN/cm)
	Height (m)
	Width (m)
	Stiffness (kN/cm)
	Height (m)
	Width (m)
	Stiffness (kN/cm)





	7
	1.70
	1352
	11
	1.80
	508
	12
	1.85
	446



	8
	1.70
	954
	10
	1.70
	524
	13
	1.90
	400



	9
	1.70
	697
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Table 9. Improvement measures.






Table 9. Improvement measures.





	Case No.
	Description of the Improvement Measures





	1
	None



	2
	Increase the thickness of the inner cross-beams



	3
	Set two end external cross-beams



	4
	Set two end external cross-beams and three middle external cross-beams



	5
	Increase the beam height to 1.7 m



	6
	Increase the beam height to 1.7 m, and increase the thickness of the inner cross-beams
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