
 110 

ISSN 1392-1207. MECHANIKA. Vol. 31, No. 2, 2025: 110−122 

Dynamic Behavior of Rack Vehicle System Subject to Gravity Center 

Offset 

Mi’ao YUAN*, Zhaowei CHEN**, Shihui LI***, Zhihui CHEN****, Jizhong YANG***** 
*Chongqing Vocational College of Transportation, Chongqing, China; No. 555 Xiangfu Avenue, Shuangfu Street, Jiangjin 

Dist, Chongqing, China, E-mail: yma14789@foxmail.com (Corresponding Author) 

**School of Mechanotronics & Vehicle Engineering, Chongqing Jiaotong University, Chongqing, China; School of  

Mechanotronics & Vehicle Engineering, Chongqing Jiaotong University, No.66 Xuefu Rd, China,  

E-mail: chenzhaowei_cq@163.com 

***School of Mechanotronics & Vehicle Engineering, Chongqing Jiaotong University, Chongqing, China; School of 

Mechanotronics & Vehicle Engineering, Chongqing Jiaotong University, No.66 Xuefu Rd, China,  

E-mail: lishihui_cq@163.com 

****Science and Technology Research Institute, China Railway Eryuan Engineering Group Co.Ltd, Chengdu, China; 

School of Mechanotronics & Vehicle Engineering, Chongqing Jiaotong University, No.66 Xuefu Rd, China,  

E-mail: 1683990279@qq.com 

*****Science and Technology Research Institute, China Railway Eryuan Engineering Group Co.Ltd, Chengdu, China; 

School of Mechanotronics & Vehicle Engineering, Chongqing Jiaotong University, No.66 Xuefu Rd, China,  

E-mail: 2281638726@qq.com 

https://doi.org/10.5755/j02.mech.39989 

1. Introduction 

The Washington Mountain Railway in the United 

States is the world’s first rack railway which completed its 

first passenger transport in 1868 [1], and now rack railways 

are widely used in Europe. In China, Dujiangyan, Jiuzhai-

gou and Zhangjiajie are also preparing to build rack railway 

with Strub system as the main system. In 2019, Sichuan 

Province promulgated the Technical Code of Mountain 

(Rack) Rail Transit, which further promoted the develop-

ment of rack railway in China. Rack vehicle are mostly used 

in complex and steep terrain areas [2], and gravity center of 

the carbody is easily offset due to line inclination and envi-

ronmental disturbance in such a bad transportation process. 

The offset of the carbody gravity center not only causes the 

rotational inertia of the vehicle body and the balance posi-

tion of the system to change, but also induces uneven sus-

pension force and lateral displacement of the wheelset. 

These phenomena seriously affect the dynamic meshing of 

gear-rack and disturbs the wheel/rail nonlinear contact be-

havior [3], eventually leading to serious accidents such as 

equipment damage or vehicle derailment and subversion 

during the transportation of rack vehicles. Therefore, it is 

necessary to carry out in-depth research on the influence of 

the offset of gravity center on the dynamic characteristics of 

the rack vehicle system. 

At present, scholars have conducted very few in-

vestigations on the dynamic characteristics of rack vehicle 

with gravity center offset. This paper mainly reviews the rel-

evant research on the running characteristics of rack vehicle 

and the gear-rack nonlinear dynamics, and summarizes the 

basic theory and technology of rack vehicle. In order to im-

prove the safety and stability of rack vehicles during trans-

portation, some scholars have explored the impact of differ-

ent transportation conditions on rack vehicle from the per-

spective of multi-body dynamics. Liu et al. [4] studied the 

influence of different gear parameters on the impact vibra-

tion of rack vehicle. Chen et al. [5] considered the gear rack 

nonlinear meshing and studied the influence of different 

traction motor layout modes on the rack vehicle system. 

Guo et al. [6] studied the influence of gear meshing on the 

fatigue life of high-speed railway vehicle bogie frame based 

on rigid flexible coupling dynamics. Chen et al. [7] propose 

a method to analysis the nonlinearity and non-stationarity of 

dynamic response of high-speed vehicle-track coupling sys-

tem, to understand the properties of signal and its underlying 

physical meaning. Ha et al. [8] studied the influence of sof-

tening cement asphalt mortar on the operation safety and dy-

namic characteristics of high-speed railway. Wang et al. [9] 

studied the effect of the nonlinear displacement-dependent 

characteristics of a hydraulic damper on high-speed rail pan-

tograph dynamics. Zhang et al. studied the dynamic re-

sponse of vehicles on dip-joint and corrugation rails [10]. 

From the above research, we can know that different struc-

tural forms and line conditions have a great impact on the 

operation safety and stability of rail vehicles. The rack ve-

hicle is driven by the gear-rack meshing, and the gear-rack 

meshing introduce new excitation for the operation of the 

rack vehicle. Yu et al. [11] explored the influence of spatial 

crack propagation of spur gear teeth on gear meshing stiff-

ness. Wei et al. [12] studied the dynamic response of a sin-

gle-mesh gear system with periodic mesh stiffness and 

backlash nonlinearity under uncertainty. Cooley et al. [13] 

compared several gear meshing stiffness calculation meth-

ods and analyzed the unique uses of each calculation 

method. Pei et al. [14] studied the lubrication reliability of a 

gear pair excited by different intensity random load. Chen et 

al. [15] studied the reliability of shearer permanent magnet 

semi-direct drive gear transmission system in combination 

with the nonlinear fatigue damage theory. He et al. [16] 

through the contact collision algorithm of multi- body dy-

namics, analyze the change regularity of meshing force and 

output speed of the different pit morphology face gear trans-

mission under certain condition. Neusser et al. [17] pre-

dicted and analyzed the gear dynamics and transmission er-

ror of the gear meshing model based on multi-body dynam-

ics. The gear meshing is obviously affected by the working 

conditions can be found from the above research. However, 
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the rack vehicle operation environment is complex, so it is 

necessary to study the dynamic characteristics of rack vehi-

cles driven by gear nonlinear meshing. In addition, some 

scholars have studied the operation characteristics of rail ve-

hicles under the offset of the carbody gravity center. Bao et 

al. [18] studied the relationship between the derailment co-

efficient of C70 gondola and the lateral offset of the center 

of gravity. Wan et al. [19] studied the influence of carbody 

gravity center deviation on transverse vibration of freight 

cars on curved track. Zhang et al. [20] studied the effect of 

mass distribution on curving performance for a loaded 

wagon. Li et al. [21] took D5 truck as an example to analyze 

the relationship between vehicle loading utilization and al-

lowable lateral offset. As concluded from the above studies 

that the gravity center offset of carbody has a significant im-

pact on the dynamic characteristics of traditional rail vehicle 

operation, but there are little literatures on the impact on 

rack vehicle system. 

This research aims at the influence of the carbody 

gravity center offset on the dynamic characteristics of rack 

vehicles, and the mechanism of the gear-rack dynamics non-

linear meshing disturbance is analyzed. On this basis, the 

coupling dynamics model of the rack vehicle system is es-

tablished according to the Strub rack system, which with the 

consideration of offset of the carbody gravity center. Using 

this model, considering the gear-rack time-varying meshing 

disturbance in combination with the structural characteris-

tics of the rack vehicle. The effect of the carbody gravity 

center offset on the gear-rack nonlinear meshing behavior 

and wheel/rail dynamic contact force when the rack vehicles 

operate on a slope at different speeds is researched. Based 

on this research, the safety and stability of rack vehicle at 

different speeds under the offset of the carbody gravity cen-

ter are analyzed. 

2. Dynamic Model of Rack Vehicle Subject to Carbody 

Gravity Center Offset 

The structure of the rack vehicle is briefly ex-

plained in this chapter, and on this basis, the rack vehicle is 

expressed in mathematics and mechanics to form a dynamic 

model of the rack vehicle system.  

The research method is shown in the Fig. 1. Firstly, 

according to Gear dynamics and Multi-body theory, the 

gear-rack meshing model and rack-vehicle coupling model 

are established. Secondly, the gear-rack meshing effect is 

analyzed, and the wheel/rail nonlinear friction contact be-

havior is explored under the condition of center of gravity 

offset. Finally, the effect of gear-rack meshing on vehicle 

safety and stability is analyzed. 

2.1. Rack vehicle structure 

Rack vehicles are similar to traditional rail vehi-

cles. They are composed of carbody, driving system, run-

ning system, braking system, connecting system. However, 

the driving method is different from that of traditional rail 

vehicle. As shown in Fig. 2, the Strub rack system lays a 

rack between the two rails, and installs the driving gear on 

the axle to supplement or replace the insufficient wheel rail 

adhesion when the vehicle running at slope section. 

 

2.2. Coupling dynamic model of rack vehicle system 

The construction of the rack vehicle system cou-

pling model is the basis for studying the influence of the 

gravity center offset on the rack vehicle system. This section 

introduces the establishment of the rack vehicle dynamics 

model, gear-rack meshing model and the rack vehicle car-

body gravity center offset model in detail.  

According to the structure of the rack vehicle, the 

key structures and components such as wheelset, rail, driv-

ing gear and rack are considered in detail. The established 

rack vehicle dynamic model is shown in Fig. 3. It should be 

noted that this subsection focuses on the rack vehicle dy-

namic model, while the gear-rack meshing model is de-

scribed in detail in the next subsection. 

All parts of rack vehicle can be considered as a 

multi rigid body system [22]. The degree of freedom (DoF) 

of the rack vehicle in the model is 47, as shown in Table 1. 

According to vehicle coupling dynamics and gear dynamics, 

and the differential equation of motion of the system can be 

obtained by the D'Alembert principle to each rigid body one 

by one. The motion equation matrix of rack vehicle can be 

deduced as follows. 

 

Fig. 1 Research method 

 

Fig. 2 Structure of Strub type rack vehicle [7] 
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          M X C X K X P+ + = , (1) 

where [M], [C] and [K] are the generalized mass matrix, 

generalized damping matrix and generalized stiffness ma-

trix of the whole rack vehicle system; {Ẍ}, {Ẋ} and {X} are 

the generalized acceleration matrix, velocity matrix and dis-

placement matrix of the rack vehicle; {P} is the generalized 

load vector. The detailed derivation process and equation of 

motion can refer to the author's previous research literature 

[5, 23, 24]. 

The wheel/rail nonlinear contact is simulated by 

Hertz nonlinear elastic contact theory and Kalker linear 

creep theory with the consideration of relative displacement 

between wheel and rail [25]. 
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Fig. 3 Rack vehicle dynamic model: a – side view; b – end view 

Table 1 

DoF of vehicle model 

DoF Longitudinal Lateral Vertical Rolling Yawing Rotation 

Carbody / Yc Zc ϕc ψc βc 

Frame(i=1,2) / Yt Zt ϕt ψt βt 

Wheelset(i=1,2,3,4) / Yw Zw ϕw ψw βw 

Driving gear(i=1,2,3,4) Xg / Zg / / θg 

 

2.3. Gear-rack meshing system model 

 

Without considering the influence of time-vary-

ing factors such as gear backlash, a five degree of freedom 

dynamic meshing model of gear-rack is established, as 

shown in Fig. 4, in which the y-axis is along the direction 

of the meshing line. The moment of inertia, torque and tor-

sional angle displacement of the driving gear in the figure 

are Ig, Tg, θg; Xh and Zh are the circumferential and radial 

displacement of the rack relative to the gear; Kxg, Cxg, Kzg 

and Czg are the bearing stiffness and damping of the model 

in  the  longitudinal  and vertical directions of the system 
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Fig. 4 Gear-rack meshing mode 

respectively; Kxh, Cxh, Kzh and Czh represent the stiffness 

and damping of fasteners fixed on the rack in the longitu-

dinal and vertical directions. 

Based on the five degree of freedom model of gear-

rack and Newton's law of motion, the dynamic differential 

equation is established. 
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= − , (2) 
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( ) ( ) ( )
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i
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+ + + = , (6) 

where Zg and Xg are the displacement of the gear in the 

longitudinal and vertical directions, Zh and Xh are the dis-

placement of the rack in the longitudinal and vertical di-

rections, rbg is the radius of the base circle of the gear, Fdpi 

and Ffpi are the dynamic contact force and dynamic friction 

force of the gear rack. 
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Fig. 5 Gear and axle connection 

In addition, as shown in Fig. 5, the driving gear is 

connected with the axle. In the actual operation process, 

due to the influence of the vibration of the rack vehicle or 

the line excitation, the rack and the driving gear are prone 

to meshing error, which further leads to meshing impact. 

Considering the meshing error, the meshing time 

will change. Therefore, starting from the meshing impact 

time, the difference between the theoretical meshing time 

and the actual meshing time is defined as 

0zt T t = − , (7) 

where Tz is the theoretical meshing time, 

Tz=2π/z1ω1, z1 is the number of driving gear teeth, ω1 is the 

rotational angular speed of the driving gear, and t0 is the 

actual meshing time. 

Normally, Δt is about (5~10) % of Tz, and the 

meshing impact force at time t can be obtained. 

 ( )
( ) ( ) ( )

( ) ( ) ( )

1 2 1 2

1

1 2 2 1 2

1

1

* * * *

z z

*

t dpi dpi

* * * *

z

K t K t K t T cos K t T

F F F

K t K K t T K t K t










   
+ − + +   

   
= −  + 

   + − + +    
  

, (8) 

where Fdpi is the dynamic contact force of gear teeth; Fdpi
* 

is the force between the first pair of teeth before the latter 

pair of gears enter meshing; K1(t*), K2(t*) are the pitch 

stiffness of the meshing point between the driving gear and 

the rack at time t*; Δφ is the change of meshing angle of 

driving gear caused by the change of meshing point; Δγ is 

the sum of the changes in the meshing angle between the 

driving gear and the rack under corresponding conditions.  

2.4. Carbody gravity center offset model 

 

Fig. 6 Carbody gravity center offset model 

The gravity center of the unbiased carbody at the 

geometric center of the vehicle body is set, and the carbody 

gravity center subjected to offset will be offset at the geo-

metric center of the plane. The offset geometric coordi-

nates of the center of gravity of the carbody is set to (x, y), 

as shown in Fig. 6. 

The carbody moment balance equation is listed 

( ) 22c c c wFM g l x l F+ = , (9) 

( ) 22c h h wRM g l y l F+ = , (10) 

where Mc is the mass of the carbody, lc is the half of the 

fixed distance of the carbody, lh is the half of the rolling 

circle span, FwF2 is the sum of the vertical forces on the 

front bogie wheels of the carbody, and FwR2 is the sum of 

the vertical forces on the four wheels on the carbody right 

side. 

According to Eqs. (9) (10), the initial force on the 

left and right wheels of the front and rear bogies during 

static balance is calculated 

11 8 4wFR t

c h

x y
F Mg / M /

l l

 
= + − + 

 
, (11) 

11 8 4wFL t

c h

x y
F Mg / M /

l l

 
= + + + 

 
, (12) 

21 8 4wTR t

c h

x y
F Mg / M /

l l

 
= − − + 

 
, (13) 

21 8 4wTL t

c h

x y
F Mg / M /

l l

 
= − + + 

 
, (14) 

where FwFR is the vertical force on the right wheel of the 

front bogie, FwFL is the vertical force on the left wheel of 

the front bogie, FwTR is the vertical force on the right wheel 

of the rear bogie, FwTL is the rear bogie the vertical force 

on the left wheel, Mt1 and Mt2 are the masses of the front 

and rear bogies. The uneven force on the wheelset is more 

serious when the offset of the center of gravity is larger. 

2.5. Model verification 

In order to verify the accuracy of the rack vehicle 

model, this paper designed and implemented an experi-

mental test on a rack-railway line in Chongqing Dazu. The 

gear-rack contact force and carbody vertical acceleration 

were tested, and some of the measured sites are shown in 

Fig. 7, a - c. 

It can be seen from Fig. 7, a-c that the produced 

results of the model in this paper are close to the test re-

sults, which proves that the dynamic model of rack vehicle 

in this paper is correct. 
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a b c 

Fig. 7 Field measurement and result comparison: a – field measurement, b – gear-rack nonlinear contact force, c – carbody 

acceleration 

3. Calculation Conditions and Parameters 

In rack railway engineering, the application of 

gear-rack meshing driving section curve is not common, 

and in order to clearly reflect the impact of the carbody 

gravity center offset on the dynamic characteristics of the 

system, the follow-up research does not consider the influ-

ence of the curve line and random irregularities in the 

track.  

The working condition are set as shown in Table 

2. In this paper, the rack vehicle system dynamic behavior 

is studied by changing the lateral and longitudinal offsets 

of the carbody gravity center. 

Table 2 

Working condition 

Subject Numerical value Unit 

Slope 10% / 

Speed 30 km/h 

lateral offset -0.3~0.3 m 

longitudinal offset -3~3 m 

Table 3 

Research indicators 

Dynamic charac-

teristics 
Parameter index 

Limitation 

Gear meshing 

characteristics 

Dynamic contact force 

fdpi 

/ 

Gear dynamic perfor-

mance 

/ 

Gear radial meshing 

offset 

20 mm 

Vehicle safety 

Wheel rail vertical 

force P 

/ 

Axle lateral force H 15+P/3 kN 

Wheel unloading rate 

ΔP/P 

0.65 

Derailment factor 0.8 

Vehicle stability 
Body acceleration ac 2.5 m/s2 

Vertical Sperling W 3.0 

 

In order to adapt to the mountain route conditions, 

the structure of the rack vehicle is generally smaller than 

that of the traditional rail vehicle. The main structural pa-

rameters of the rack vehicle are shown in Table 4. 

The driving gear and bogie axle connected by 

bearings, and the meshing of the gear-rack directly affects 

the wheel/rail action. Therefore, it is necessary to study the 

meshing characteristics of the gear-rack before studying 

the rack vehicle dynamic characteristics. In addition, the 

carbody gravity center offset mainly affects the safety and 

stability of the rack vehicle. This paper mainly explores 

the effect of the carbody gravity center offset on the 

wheel/rail vertical force, axle lateral force, wheel unload-

ing rate, derailment factor, body acceleration and Sperling 

index. The selection of research indicators for the dynamic 

behavior of rack vehicles is shown in Table 3. 

Table 4 

Rack vehicle parameters 

Subject Number Unit 

Maximum speed 30 km/h 

Carbody size 16×3.2×3.4 m 

Carbody weight 3.2×104 kg 

Carbody pitching inertia 2×106 kg·m2 

Vehicle distance 11.6 m 

Bogie width 1.8 m 

Frame weight 580 kg 

Bogie wheelbase 2.8 m 

Gear module 32 mm 

Teeth 22 / 

Gear width 60 mm 

Rack width 80 mm 

Pressure angle 20 ° 

Rolling circle span 1058 mm 

Nominal rolling radius 0.42 m 

Secondary suspension span 1.72 m 

4. Gear-Rack Nonlinear Meshing Behavior Subject to 

Carbody Gravity Center Offset 

The influence of different gravity center offsets on 

the nonlinear meshing behavior of gear-rack is mainly ex-

plored in this chapter. 

 

Fig. 8 Schematic diagram of gear-rack 
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As shown in Fig. 8, the gear-rack dynamic contact 

force is the force that the gear rack meshes to provide trac-

tion for the vehicle during the driving process. 

4.1. Gear-rack dynamic contact force 

The gear-rack dynamic contact force affected by 

the no gravity center offset (NO), the lateral offset (LA) by 

0.2 m and the longitudinal offset (LO) by 3.0 m when the 

rack vehicle runs at the speed of 10 and 30 km/h on the 

slope are respectively presented in Fig. 9, a-b and  Fig. 10, 

a-b is the numerical distribution diagram of the gear-rack 

dynamic contact force when the rack vehicle runs at the 

speed of 10 and 30 km/h on the slope. 

  

a b 

Fig. 9 Gear-rack dynamic contact force: a – contact force at 10 km/h, b – contact force at 30 km/h 

  

a b 

Fig. 10 Numerical distribution diagram of contact force: a – contact force at 10 km/h, b – contact force at 30 km/h 

  

a b 

Fig. 11 Gear-rack dynamic contact force (PSD): a – contact force under lateral offset, b – contact force under longitudinal 

offset 
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The lateral and longitudinal offset of the rack vehi-

cle carbody gravity center have a certain impact on the gear-

rack dynamic contact force can be seen from Fig. 9, a-b and 

Fig. 10, a-b. The appearance of offset makes the gear-rack 

dynamic contact force produce great impact, and the impact 

becomes more obvious with the increase of speed. The am-

plitude of gear-rack dynamic contact force remains about 

43 kN when there is no gravity center offset, which is im-

pacted by the coupling interference of multiple gears. The 

gear-rack dynamic contact force reaches the maximum 

value of 73 kN when the speed reaches 30 km/h. 

Fig. 11, a is the frequency domain curve of the 

gear-rack dynamic contact force affected by the rack vehicle 

carbody gravity center lateral offset. Fig. 11, b is the fre-

quency domain curve of the dynamic contact force of the 

gear affected by the rack vehicle carbody gravity center lon-

gitudinal offset. 

As shown in Fig. 11, a-b, the gear-rack dynamic 

contact force is not significantly affected by carbody grav-

ity center offset, but significantly affected by the rack ve-

hicle running speed. When the speed is 10 km/h, the fre-

quency is 0.9, and the frequency is 3.9 when the speed is 

30 km/h. 

4.2. Gear-rack nonlinear dynamic characteristic 

The longitudinal acceleration of rack vehicle driv-

ing gear is shown in Fig. 12, a. With the consideration that 

there is no characteristic peak after 100 Hz, the frequency 

band of 1~100 Hz is taken out for research.  

  

a 

  

b 

     

c 

Fig. 12 Gear-rack nonlinear dynamic characteristics: a – gear longitudinal acceleration in time-domain and frequency-do-

main, b – gear time history in time-domain and frequency-domain, c – gear phase diagram 
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It can be seen that the gear acceleration curves sub-

ject to the three gravity center offset modes are very similar, 

which means that the longitudinal vibration of the driving 

gear is less affected by the carbody gravity offset. The re-

sults of frequency analysis show that the peak value of gear 

vibration occurs at 16.7 Hz, 39.4 Hz, and 85.2 Hz. 

Since the unbalance load caused by the carbody 

gravity center offset is mainly borne by the wheelset in-

stalled on both sides of the axle, the gravity center offset has 

little effect on the gear time history. As shown in Fig. 12, b, 

the gear time history is almost the same, and the main influ-

ence frequency is 3.8 Hz. The nonlinear gear system is in 

periodic motion can be seen from in Fig. 12, c, and the gear 

phase diagram is a non-circular closed curve with a certain 

width. According to the time response diagram, the gear-

rack system is in a unilateral impact state. 

4.3. Gear radial mesh offset 

The gear radial mesh offset is the radial error be-

tween the gear and rack caused by the wheelset lateral 

movement, Fig. 13 shows the gear radial mesh offset curve 

when the carbody is no gravity center offset, lateral offset 

0.3 m and longitudinal offset 3.0 m. It can be clearly ob-

served that the carbody gravity center longitudinal offset has 

little effect on the gear radial mesh offset, the lateral offset 

has a greater effect. When the lateral offset is 0.3 m, the gear 

radial mesh offset reaches 0.11 mm. 

 

Fig. 13 Gear radial mesh offset 

5. Vehicle Safety Characteristics Subject to Carbody 

Gravity Center Offset 

The influence of the carbody gravity center lateral 

offset and longitudinal offset on the vehicle safety charac-

teristics when the rack vehicle is running on the slope at 

speeds of 10, 20, and 30 km/h is investigated. 

5.1. Wheel/rail vertical force 

The maximum vertical force of the left and right 

wheel affected by the lateral offset of the carbody gravity 

center is shown in Fig. 14, and Fig. 15 shows the wheel/rail 

vertical force on the load-increasing side when the rack ve-

hicle with no offset and 0.2 m lateral offset runs at 10, 20, 

and 30 km/h. 

In Fig. 14 the maximum vertical force is greatly 

affected by the lateral offset of the carbody gravity center. 

 

Fig. 14 Maximum wheel/rail vertical force 

 

Fig. 15 Wheel/rail vertical force in time-domain 

 

Fig. 16 Maximum wheel/rail vertical force 

With the increase of the lateral offset, the eccentric load 

phenomenon of the left and right wheels becomes more 

obvious, the load-increasing side reaches 63.5 kN. It can 

be seen from Fig. 15 that the lateral offset of the center of 

gravity of the vehicle has little effect on the amplitude and 

frequency of the wheel/rail vertical force, and is signifi-

cantly affected by the running speed of the vehicle, and the 

faster the speed, the greater the vibration frequency and 

amplitude. This phenomenon is caused by gear-rack mesh-

ing impact. 

Fig. 16 shows the maximum wheel/rail vertical 
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0 1 2 3 4 5
-0.04

0.00

0.04

0.08

0.12

0.16

2 3
-5.00E-11

0.00E+00

5.00E-11

Time/ s

G
ea

r 
ra

d
ia

l 
m

es
h

 o
ff

se
t/

 m
m

Time/ s

 NO 0.0m

 LA 0.3m

 LO 3.0m

0m 0.1m 0.2m 0.3m
20

30

40

50

60

70

W
h
ee

l/
ra

il
 v

er
ti

ca
l 

fo
rc

e/
 k

N

Lateral offset/ (m)

 Right wheel

 Left wheel

0 1 2 3

42

43

44

55

56

57

 

W
h

ee
l/

ra
il

 v
er

ti
ca

l 
fo

rc
e/

 k
N

Time/ s

LA0.0m

 

 

 10km/h  20km/h  30km/h

LA0.2m

-2.0m -1.0m 0.0m 1.0m
30

40

50

60

70

W
h
ee

l/
ra

il
 v

er
ti

ca
l 

fo
rc

e/
 N

Longitudinal offset/ m

 Third wheel

 First wheel



 118 

carbody gravity center longitudinal offset from -2 m to 1 m 

when the rack vehicle runs at a speed of 30 km/h. Fig. 17 

shows the wheel/rail vertical force of the third wheelset 

with a forward 1 m deviation and a rear 2.0 m deviation 

when the rack vehicle running at 10, 20, and 30 km/h. 

In Fig. 16 and Fig. 17, can see that the rack vehi-

cle carbody gravity center longitudinal offset has a linear 

effect on the wheel/rail vertical force of the front and rear 

wheels. When the carbody gravity center is offset back-

wards, the wheel/rail vertical force of the third wheel in-

creases, and the first wheel wheel/rail vertical force de-

creases. The wheel/rail vertical force vibration frequency 

and amplitude are affected by the running speed, and the 

frequency and amplitude increase with the speed. 

5.2. Axle lateral force 

Fig. 18, a-b shows the axle lateral force subject 

to the rack vehicle runs at the speed of 10, 20 and 

30 km/h under the condition that the carbody gravity cen-

ter laterally offset by 0.2 m. 

It can be directly seen from Fig. 18, a-b that when 

the rack vehicle carbody gravity center is offset laterally 

by 0.2 m, the average value of the axle lateral force is 

923 N. The amplitude and frequency of axle lateral force 

are affected by the carbody gravity center lateral offset and 

running speed. In addition, the faster the running speed, 

the greater the axle lateral force floating, and the faster the 

axle lateral force frequency. When the speed is 30 km/h, 

the main influence frequency is 6.6Hz. 

 

Fig. 17 Wheel/rail vertical force in time-domain 

  

a b 

Fig. 18 Axle lateral force: a – time domain, b – frequency domain 

   

a b 

Fig. 19 Wheel unloading rate subject to offset: a – wheel unloading rate under lateral offset, b – wheel unloading rate under 

longitudinal offset 
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5.3. Wheel unloading rate 

Fig. 19, a show the effect of the lateral offset on 

the wheel unloading rate of the rack vehicle, and Fig. 19, 

b shows the effect subject to the longitudinal offset. 

As shown in Fig. 19, a that the influence of the 

carbody gravity center lateral offset on the wheel unload-

ing rate is symmetrically distributed, when the lateral right 

deviation is 0.3m, the wheel unloading rate reaches 0.34. 

It can be seen from Fig. 19, b that the wheel unloading rate 

on the load-reducing side increases with the carbody grav-

ity center longitudinal offset. The third wheel’s wheel un-

loading rate reaches 0.33 when the longitudinal forward 

deviation is 3m. and compared with the first wheelset, the 

wheel load reduction phenomenon of the third wheelset is 

more significant, which is caused by the greater influence 

of the bogie load at the rear end of the slope. When the 

gravity center is 3 m behind, the rack vehicle wheel un-

loading rate reaches the best. 

5.4. Derailment coefficient 

Fig. 20, a-b respectively show the influence of the 

carbody gravity center lateral and longitudinal offset on 

the rack vehicle’s derailment coefficient. 

 

a 

 

b 

Fig. 20 Derailment coefficient subject to offset: a – derail-

ment coefficient under lateral offset, b – derailment 

coefficient under longitudinal offset 

As we can see in Fig. 20, a-b that the variation 

trend of the derailment coefficient under the lateral and 

longitudinal offset is similar to the wheel unloading rate. 

The influence of the lateral offset on the derail-

ment coefficient on the increased or decreased load side is 

distributed linearly and symmetrically. The increase of 

longitudinal offset increases the derailment coefficient of 

the wheelset on the load shedding side, and the derailment 

coefficient of the wheelset on the load shedding side is 

more sensitive to the offset. 

6. Vehicle Stability Characteristics Subject to Carbody 

Gravity Center Offset 

The influence of the carbody gravity center lateral 

and longitudinal offset on the vehicle stability characteris-

tics when the rack vehicle is running on the slope at speeds 

of 10, 20, and 30 km/h is investigated. 

6.1. Carbody vertical acceleration 

Fig. 21 shows the carbody vertical acceleration of 

the rack vehicle affected by the lateral offset at a running 

speed of 30 km/h. Fig. 22 is a graph showing the influence 

of the carbody gravity center lateral offset on the rack ve-

hicle carbody vertical acceleration. 

 

Fig. 21 Carbody vertical acceleration in time domain 

 

Fig. 22 Carbody vertical acceleration 
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Fig. 23 Carbody vertical acceleration in time domain 

 

Fig. 24 Carbody vertical acceleration 

As shown in Fig. 21 and Fig. 22, the carbody 

gravity center lateral offset has a certain influence on the 

carbody vertical acceleration, and the vehicle running 

speed has a significant impact on the carbody vertical ac-

celeration. The carbody vertical acceleration decreases 

with the decrease of lateral offset and running speed. 

Fig. 23 shows the rack vehicle carbody vertical 

acceleration affected by the carbody gravity center longi-

tudinal offset at a running speed of 30 km/h. Fig. 24 is a 

graph showing the influence of the carbody gravity center 

longitudinal offset on the carbody vertical acceleration. 

As shown in Fig. 23, the carbody vertical acceler-

ation is extremely sensitive to the carbody gravity center 

longitudinal offset. It can be seen from Fig. 24 that the ver-

tical acceleration reaches the minimum value at the gravity 

center longitudinal position from -1 to 0 m, the vehicle 

running speed has a significant influence on the carbody 

vertical acceleration, and the vertical acceleration in-

creases with the increase of speed. 

6.2. Vehicle vertical Sperling index 

Fig. 25, a-c respectively shows the influence of 

the rack vehicle carbody gravity center lateral and longi-

tudinal offset on the vertical Sperling index under the 

running speed of the rack vehicle is 10, 20, and 30 km/h. 

As it can be seen in Fig. 25, a-c, the vertical 

Sperling index is significantly affected by the gravity 

center longitudinal offset of the rack vehicle, and the 

minimum value is reached at 0-1m longitudinally behind 

the gravity center the rack vehicle; In addition, the run-

ning speed of the rack vehicle has a certain influence on 

the vertical Sperling index. As the running speed of the 

vehicle increases, the Sperling index gradually increases, 

and is more sensitive to the influence of the lateral offset 

of the gravity center. 

       

a b c 

Fig. 25 Vertical Sperling index at difference speed: a – Sperling at 10 km/h; b – Sperling at 20 km/h; c – Sperling at 30 km/h 

7. Conclusions 

In this study, aiming at the influence of gear-rack 

meshing impact disturbance on wheel/rail action behavior, 

the mechanism of meshing disturbance was explored 

through Gear dynamics. On this basis, the coupling model 

of the rack vehicle system is established. Selected three 

working conditions of high, medium and low running 

speed on the slope to study the gear-rack nonlinear mesh-

ing behavior and the dynamic characteristics of rack vehi-

cle subject to the carbody gravity center offset, and ana-

lyze its safety and stability. The main conclusions from 

the above studies are as follows: 

1. The method is effective for studying the rack 

vehicle dynamic characteristics subject to the carbody 

gravity center offset. Under the offset, the gear-rack non-

linear meshing impact disturbance has a significant impact 
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contact force is affected by the running speed of rack ve-

hicle and carbody gravity center offset. 

2. For the parameters selected in this paper, the 

wheel/rail vertical force is influenced by the carbody grav-

ity center offset, and is affected by the gear-rack meshing 

significantly. The axle lateral force and the wheel unload-

ing rate is increase with the change of lateral offset of the 

carbody gravity center. 

3. For the parameters selected in this paper, the 

carbody vertical acceleration and the vertical Sperling in-

dex are greatly affected by the longitudinal offset of the 

carbody gravity center. The faster the running speed, the 

more serious the longitudinal offset affects the vertical 

Sperling index. The vertical Sperling index is optimal 

when the carbody gravity center is placed 0~1m behind. 

4. The safety and stability of rack vehicle are not 

only affected by the gear-rack nonlinear meshing, but also 

the safety is affected by the carbody gravity center lateral 

offset, and the stability is affected by the carbody gravity 

center longitudinal offset. 
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M. Yuan, Z. Chen, S. Li, Z. Chen, J. Yang 

DYNAMIC BEHAVIOR OF RACK VEHICLE SYSTEM 

SUBJECT TO GRAVITY CENTER OFFSET 

S u m m a r y 

Dynamic behavior of rack vehicle system subject 

to gravity center offset is investigated in this work. Consid-

ering the disturbance effect of gear-rack meshing impact 

and wheel/rail dynamic contact behavior, a complete dy-

namic model of rack vehicle is established based on multi-

body dynamics, adopting which the influence of the car-

body gravity center offset on the dynamic characteristics of 

rack vehicle and nonlinear meshing behavior of driven 

gear-rack system are explored. Results show that: The gear-

rack dynamic contact force results in an impact under the 

rack vehicle carbody gravity center offset, and the impact 

increases with the increase of running speed. The gear-rack 

dynamic contact force reaches 73 kN when the speed 

reaches 30km/h. The lateral offset of the gravity center has 

a linear effect on rack vehicle running safety, and the 

wheel/rail vertical force is affected by the gear-rack dy-

namic meshing and produce vibration. The rack vehicle 

running stability is more sensitive to the longitudinal offset 

of the gravity center. The carbody acceleration increases by 

4.8 times when the carbody gravity center is 3.0 m forward. 

The vertical Sperling index of the vehicle is optimal when 

the carbody gravity center is behind in 0~1 m. The conclu-

sions of this study provide theoretical support for the world-

wide rack railway design and safe operation. 

Keywords: rack vehicle, gravity center offset, vehicle cou-

pling dynamics, gear-rack meshing, nonlinear dynamics, 

safety and stability. 
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