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Considering the CRTS-II track slab, which is commonly used in the Chinese high-speed railway system, a vehicle-track-bridge dynamic analysis method is proposed in which the vehicle subsystem equations are established by the rigid body dynamics method, the track subsystem and the bridge subsystem equations are established by the FEM, the wheel-rail contact relation is defined by the corresponding assumption in vertical direction and the Kalker linear creep theory in lateral direction. The in-span spring element is derived to model the track-bridge interaction; the equal-band-width storage is adopted to fit the track structure with multilayer uniform section beam; and the dynamic equilibrium equations are solved by the inter-history iteration method. As a case study, the response of a CRH2 high-speed train transverses a simply-supported bridge with successive 31.5 m double bound pre-stress beams is simulated. The result shows that using the vehicle-track-bridge interaction model instead of the vehicle-bridge interaction model helps predict the rotation angle at beam ends and choose an economic beam vertical stiffness. vehicle-track-bridge interacted system, CRTS-II track slab, in-span spring element, equal-band-width storage Citation:
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1 Introduction For maintaining the quintessential factors such as the running speed and density, the track system must be smooth, stable and reliable for the high-speed railway system. Nowadays, the CRTS-II non-ballast track slab is used in most high-speed railways in China, including the BeijingShanghai and the Beijing-Guangzhou High Speed Railways. However, the track structure is often neglected in the traditional study of the vehicle-bridge interacted system, where it is assumed there is no relative displacement between the rails and the bridge deck [1–3]. Generally, the peak value of the bridge mid-span vertical *Corresponding author (email: [email protected]) © Science China Press and Springer-Verlag Berlin Heidelberg 2014



displacement ranges from 0.7 to 1 mm for the 31.5 m simply supported beams. This is most commonly used in the Chinese railway system, with the deformation of fastener of about 0.5 mm. In addition, the track irregularity with shorter wavelength has a larger contribution the running safety. Consequently, the absence the track structure in the vehicle-bridge interacted model may lead to underestimation of the probability of derailment or overturning of the train [4,5]. The CRTS-II non-ballast slab track is popularly used in the high-speed railway system that is composed of the rails, the track slab, the CA mortar layer, the seating slab and the sliding layer, as shown in Figure 1. The track slab and the seating slab are continuous reinforcement concrete structure; the CA mortar layer is an elastic one; and the sliding layer allows the relative motion between the seating slab and the bridge deck, which helps transferring tech.scichina.com link.springer.com
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track-bridge subsystem. Then the dynamics matrices of the vehicle and the track-bridge subsystem are constant during the running of the train on the bridge. However, the interaction force vector varies due to the changing of the position of the train. It the train is considered to be composed of several individual vehicle elements, the dynamic equilibrium equations of a vehicle element are   C X  K X  F , M X (1) v



Figure 1



Cross section the bridge and track.



the longitudinal force (such as the thermal force and the braking force), outside the bridge. The mechanism of the CRTS-II non-ballast slab track is so complex and cannot be described by a simple trackbridge interaction formula. The slab track is modeled by the FEM and the track-bridge interaction is defined by a linear function in some former studies [4,5]. However, the track slab and the seating slab are modeled discontinuous in the aforementioned references, which may cause the error of the dynamic performance at the beam gaps. It is reported that the vertical natural frequency of the 31.5 m double bound simply-supported beam is 5.6 Hz by theoretical calculation and 6.5–7 Hz by the in site measurement. The difference in values comes from the contribution of the continuous track slab which is ignored in the theoretical calculation. As a vehicle supporting system, the CRTS-II non-ballast slab track has a unique dynamics feature and is necessary to be adopted accurately in the dynamic analysis model. In order to reduce the memory consuming, the track structure is assumed moving with the train in the ref. [4]. It is a reasonable solution although requires complex programming owing to the timevarying dynamic matrices of track-bridge subsystem. To solve the above mentioned problems, a vehicle-track-bridge interacting model is proposed in this paper, in which the continuous track structure is considered; while, the dynamic matrices of track-bridge subsystem are constant in the integral history and the memory consuming is controlled by using the equal-band-width storage.
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where Mv, Cv and Kv are mass, damping and stiffness matrices; Xv and Fv are displacement and force vector of the vehicle element, respectively. The vehicle element of a high-speed train is composed of 1 car body, 2 bogies and 4 wheel sets, which are linked by the springs and dampers. Without considering the longitudinal motion, the car body or each bogie has 5 DOFs in y, z, ,  and  directions; each wheel set has 3 DOFs in y, z and  directions by the wheel-rail interaction assumption adopted in this paper. The matrices in eq. (1) can be derived by the Lagrange equations, as seen in refs. [1,2,6,7]; the force vectors in eq. (1) is formed by the wheel-rail interaction forces. The rail slab and the seating slab in the CRTS-II nonballast track are continuous structures, their dynamic model is established by FEM, as shown in Figure 1 The DOFs in y,  and  can be neglected due to the large lateral and torsional stiffness of the track; and the DOFs in x can be neglected considering the longitudinal motion is negligible. The rail, the track slab and the seating slab are modeled by plane beam elements, as shown in Figure 2. The fasteners between rail and track slab, the CA mortar layer between track slab and seating slab, and the sliding layer between seating slab and bridge deck are modeled by vertical springs and dampers, with interval of 0.6 m, the distance of fasteners. The displacement vector is {zi, i, zj, j}, where z and  are vertical displacement and rotation in xoz plane. There are 3n DOFs in a track structure with n fasteners, as shown in Figure 3.



2 Vehicle-track-bridge interacted system The vehicle-track-bridge interacted system consists of the vehicle, the track and the bridge. The vehicle and the track are coupled by the wheel-rail interaction; the track and the bridge are coupled by the track-bridge interaction, the system is excited by the track irregularity and the dynamics effect of the moving vertical loads. The coordinate system is defined as x the train moving direction, z upwards, and y is defined by the right-hand rule. The rotations about x, y and z are ,  and , respectively. The track and the bridge can be composed of the



Figure 2



Figure 3



Model of the track structure.



Node numbering of track structure.
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The global stiffness matrix of the track subsystem is  K11 K  21 K     
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Each sub-matrix in eq. (2) is a 6 by 6 matrix, the subscript i stands for the nodes 3i-2, 3i-1 and 3i. The number of DOFs is quite large in a long railway track structure, which are about 104 for per kilometer. It is obviously that the sub-matrix Ki,i is only coupled with Ki,i-1, Ki,i+1, Ki-1,i and Ki+1,i, the rest sub-matrix in row i or in column i are all zero matrix. In order to reduce the memory consuming, the dynamic matrices are stored by the equal-band-width storage. Then eq. (2) can be transformed into eq. (3), which is 6n by 18, for the track structure with n fasteners:  K11  K 21   K 32  K    K n  2, n  3   K n 1, n  2  0 
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Thus the sub-matrices in eq. (3) are K ii   EI r H  k1 D  k1 D 0   (5) k2 D EI t H   k1  k2  D   k1 D ,     0 k EI k k D H D  2 3   s 2 
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The track subsystem and the bridge subsystem are linked by the spring k3 and the coupling relation must be defined for the non-diagonal sub-matrices in eqs. (2) and (3). In general, the longitudinal positions of the track fasteners and the bridge nodes are not same, so an in-span spring element is established, as shown in Figure 4. As shown in Figure 4, the nodes of the in-span spring element are N, I and J. N is on the seating slab and I and J are bridge nodes. The coefficient of spring MN is k; MM′ is a rigid bar; the length of MM′, IJ, IM′ and JM′ are e, L, pL and qL, respectively. The vertical DOFs of node I, J and N, the torsional DOFs of node I and J are concerned for the in-span spring element:    zI  I z J  J z N  . The force acting of the DOFs:  F1  pk   px1  px2 e  qx3  qx4 e  x5  ,   F2  pke   px1  px2 e  qx3  qx4 e  x5  ,   F3  qk   px1  px2 e  qx3  qx4 e  x5  ,  F  qke   px  px e  qx  qx e  x  , 1 2 3 4 5  4  F5  k  px1  px2 e  qx3  qx4 e  x5  .



(8)



The element stiffness matrix of an in-span element is



The stiffness matrix for a plane beam element is 3L 6 3L   6  3L 2 L2 3L L2  2 EI   EI  H Ke  3    6 3 L 6 3 L  L G  2 2  3 L L 3 L 2 L   
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The dynamic equilibrium equations of the track-bridge subsystem are    Ctt Ctb   X  0   X  M tt t t       0     M C C X X  b   bt  b  bb   bb    (10) K K X F  tt tb   t   t        ,  K bt K bb   X b   Fb 



(6)



(7)



where EIr, EIt, EIs stands for the bending stiffness of the rail, the track slab and the seating slab, respectively, k1 the stiffness of fastener, k2 the stiffness of mortar layer in each fastener distance (0.6 m), and k3 the stiffness of sliding layer in each fastener distance.



   .    1



Figure 4



In-span spring element.
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where Mtt, Ctt and Ktt are the global mass, damping and stiffness matrices of the track, which can be obtained by the method illustrated in eq. (3); Mbb, Cbb and Kbb are the global mass, damping and stiffness matrices of the bridge, obtained by FEM, respectively. The track and the bridge are coupled by the sliding layer, which is simulated by the springs and dampers. The non-diagonal sub-matrix in eq. (10) can be formed by the in-span spring element derived in eq. (9); Xb is the displacement vector and Xv is the force vector on the track-bridge subsystem. The wheel-rail interaction has been found to be highly nonlinear by the former study [4], where the interaction function was determined by the stiffness, shape and the relative motion of the wheel and rail. Besides, the motion in y and  is quite small for a high-speed train, thus a linear interaction can be used instead of the vertical Hertz contact theory and the lateral Kalker creep theory [1]. It is assumed that the interaction force is in proportion to the relative velocity in lateral (y) direction between the wheel and the rail, and is simplified by the Kalker creep theory, the lateral wheel-rail interaction force Fy is
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subsystems is linear. The interacted dynamic equilibrium is solved by the inter-history method [8], the procedure of which is shown in Figure 5. It is concluded in the refs. [9,10] that the process is not an unconditional convergent one, owing to a displacement-force mode accounted for the wheel-rail interaction. The procedure of the inter-history iteration is as follows. 1) Solve the vehicle subsystem by setting the bridge motion to zero, for obtaining the time histories of wheel-rail forces/moments for all wheel-sets. 2) Solve the bridge subsystem by applying the wheel- rail interaction force histories on bridge deck, for obtaining the time histories of bridge deck motion. 3) Solve the vehicle subsystem by combining the updated bridge deck motion with the track irregularities as the system exciter, for obtaining the updated time histories of wheel-rail interaction force. 4) Calculate the errors of the wheel-rail interaction force in the convergence check. If the error is small than the threshold, the procedure is finished, otherwise, returning to step 2).



(11)



where yw and yr the lateral displacement of the wheel and the rail, respectively, V the train speed, f22 the creep ratio, which is a constant when it is assumed that the wheel-rail contact point is at a specified position and the normal wheel-rail force is equal to the static wheel weight. The vertical wheel-rail interaction force Fz and torsional wheel-rail interaction force F are considered as the sum of the following: the spring force in the first suspension system, the damping force in the first suspension system, the inertia force of the wheel sets and the static axis loads: Fz  kv1  z  cv1  z  m0  zr  G ,
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3 Case study The dynamic response when a CRH2 EMU running through a bridge with 3 spans of 31.5 m pre-stress simply-supported beam is taken up as the case study. The beam is commonly used in the Chinese high-speed railway system, whose mid span cross section is shown in Figure 6. The abutments and piers are neglected in the bridge model. The train has 8 vehicle elements, the 1st, 3rd, 6th and 8th are tractors and the rest vehicles are trailers. The vehicle is 25 m long, the distance between bogies is 17.5 m and the distance between



(12) (13)



where kv1 and cv1 are the vertical stiffness and damping coefficients in the first suspension system, respectively, z and  denote vertical and torsional relative displacement between the wheel set and the bogie, respectively, m0 and I0 are the mass and moment of inertia about x axis of the wheel set, respectively, b is half of the lateral span of the first suspension system, g0 is the gauge and G is the static wheel load. Apparently, the rail motion is neglected when a certain wheel set is out of the considerable track range. Based on this, the rail is assumed rigid, the wheel set motion is set to the track irregularity additional motion and the wheel-rail force is not acted on the track subsystem. By the equations of vehicle eq. (1) and the equation of track-bridge eq. (10), the interacted dynamic equilibrium equation can be established, as the interaction of the two



Figure 5



Procedure of inter-history iteration.
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Table 2



Dynamic response of vehicle-track-bridge system Train speed (km/h)



Item Derailment factor Offloading factor



Figure 6



Cross section of beam.



300 0.250



0.151



0.174



0.179



Car body vertical acceleration (m/s )



0.184



0.180



0.181



Car body lateral acceleration (m/s2)



0.377



0.386



0.396



Maximum vertical wheel-rail force (kN)



142.5



145.5



145.5



Minimum vertical wheel-rail force (kN)



107.7



107.5



106.1



Maximum lateral wheel-rail force (kN)



27.10



29.36



31.90



Rail vertical displacement (mm)



1.312



1.344



1.425



Rail vertical acceleration (m/s2)



77.51



60.24



100.2



Track slab vertical displacement (mm)



0.928



0.950



1.028



Track slab vertical acceleration (m/s )



0.874



0.896



1.133



Seating slab vertical displacement (mm)



0.928



0.950



1.028



0.890



0.841



1.022



2



Seating slab vertical acceleration (m/s ) Bridge vertical displacement (mm)



0.816



0.841



0.918



Bridge lateral displacement (mm)



0.100



0.089



0.091



2



Bridge vertical acceleration (m/s )



0.124



0.138



0.260



Bridge lateral acceleration (m/s2)



0.195



0.182



0.315



Vertical rotation angle 1–2 span (‰)



0.164



0.157



0.191



Vertical rotation angle, 2–3 span (‰)



0.159



0.164



0.181



Figure 8



Figure 7



250 0.234



2



2



wheel sets is 2.5 m. The axis load of the tractors and trailers are 135 and 120 kN, respectively. The train speed of 200, 250, 300 km/h is considered. The German Low Disturb Spectrum with wavelength from 1 to 80 m is adopted as track irregularity in the case study. The track structure with length of 198 m and with 331 fasteners is considered in the current model. The relative position of the track and the bridge is shown in Figure 7. The secondary load of bridge is 110 kN/m, excluding the weight of the track. The parameters of the track are listed in Table 1. By the proposed method, the estimated values of the maximum dynamic response of the vehicle, track and bridge are listed in Table 2. The histories of the vertical acceleration of the first car body, the rail, the track slab, the seating slab and the bridge at mid span are shown in Figures 8 to 12, under train speed of 250 km/h, to illustrate the propagation of vibration induced by the high-speed train.



200 0.222



Vertical acceleration history of car body.



Procedure of inter-history iteration.



Table 1 Parameters of track [11,12] Item Section area, sum of left & right rails (cm2) Moment of inertia, sum of left & right rails (cm4) Section area, track slab (cm) Section area, seating slab (cm) Fastener stiffness, sum of left & right rails (MN/m) Fastener damping, sum of left & right rails (kN s/m) CA mortar layer stiffness, per fastener (GN/m) CA mortar layer damping, per fastener (kN s/m) Sliding layer stiffness, per fastener (GN/m) Sliding layer damping, per fastener (kN s/m) Damping ratio of rail Damping ratio of track slab Damping ratio of seating slab



Value 76.86×2 3055×2 255×20 295×19 120 100 433.5 1000 60 0 0.01 0.02 0.02



Figure 9



Figure 10



Vertical acceleration history of rail.



Vertical acceleration history of track slab.
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Vertical acceleration history of seating slab. Figure 13



Figure 12



Vertical acceleration history of bridge beam.



It can be found from the result that there is high incidence of low frequency component in the car body for reason that the suspension system has a vibration reducing effect. The impacts are dominant in the acceleration histories of the rail, the track slab, the seating slab and the bridge. The acceleration amplitude of the rail is much higher; while that of the bridge are quite low due to its large mass. High stiffness of bridge is chosen in order to control the rotation angle of the beam ends which is important to the serviceability of the track structure. The rotation angle of the beam ends are overestimated by the traditional vehicle-bridge interaction analysis in previous research [1,2,6,7] which leads to the designing of stiffness of beam too high. By the proposed method, the rotation angle at beam ends is calculated accurately by considering the track structure. It is proved that the rotation angle at beam ends, 0.157‰ and 0.164‰ are quite small comparing the limitation of 3‰ from Term 7.3.7 in the Code for design of high speed railway (TB20621-2009). To evaluate the contribution of continuous track structure, cases of vehicle-bridge interacted system are studied, by deleting the track structure from the interacted system and implementing the wheel-rail force on the bridge deck directly. The rotation angle at beam ends are 0.299‰ and 0.331‰ under 200 km/h, 0.289‰ and 0.303‰ under 250 km/h, and 0.343‰ and 0.348‰ under 300 km/h, which are much larger than the result of vehicle-track-bridge interacted system. The comparison of rotation angle at beam ends, in the presence and absence of the track structure is shown in Figure 13, where A stands for 1–2 beam ends and B stands for 2–3 beam ends. From the above figure, it is found that the continuous track structure plays an important role in the dynamic performance. This happens due to the fact that the simply supported beams have been changed into a continuous beam by



Comparison of rotation angle at beam ends.



considering the track between the beam ends. The rotation angles decrease about 50% due to the contribution of longitudinal stiffness of the seating slab, the track slab and the rails. To use the vehicle-track-bridge interaction model instead of the vehicle-bridge interaction model helps in predicting the rotation angle at beam ends and in choosing an economic beam vertical stiffness.



4 Conclusions A vehicle-track-bridge interaction analysis method is proposed for the high-speed trains and continuous CRTS-II non-ballast track slab on bridge. The track-bridge interaction is modeled by the in-span spring element; the equalband-width storage is adopted for the multi-layer track structure and the inter-history iteration is used to solve the vehicle-track-bridge dynamic equilibrium equations. It is found from the case study that as follows. 1) There is greater amount of low frequency component in the car body following which the impacts are dominant in the acceleration histories of the rail, the track slab, the seating slab and the bridge. The acceleration amplitude of the rail is much higher; while that of the bridge are quite low. 2) The continuous track structure plays an important role in the dynamic performance. The rotation angles decrease about 50% due to the track structure in the vehicle-bridge interacted system. 3) Application of the vehicle-track-bridge interaction model instead of the vehicle-bridge interaction model is more helpful in predicting the rotation angle at beam ends and in choosing an economic beam vertical stiffness. This work was supported by the National Basic Research Program of China (“973” Project) (Grant No. 2013CB036203), the National Natural Science Foundation of China (Grant No. U1134206), the 111 project (Grant No. B13002) and the Doctoral Fund of Ministry of Education of China (Grant No. 20130009110036). 1 2
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