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Abstract The location of wagon gravity center for a

loaded wagon is underestimated in a vehicle–track

coupled system. The asymmetric wheel load distribu-

tion due to loading offset significantly affects the

wheel-rail contact state and seriously deteriorates the

curving performance in conjunction with the height of

gravity center and cant deficiency. Optimizing the

location of gravity center and cruising velocity,

therefore, is of interest to prevent the derailment and

promote the transport capacity of railway wagons.

This study aims to reveal the three-dimensional

influencing mechanism of mass distribution on vehicle

curving performance under different velocities. The

wheel unloading ratio is regarded as the evaluation

index. A simplified quasi-static model is established

considering essential assumptions to highlight the

influence of lateral and vertical offset on curving

performance. For a more accurate description, the

MBS models with various locations of wagon gravity

center are built and then negotiate curves in different

simulation cases. The simulation results reveal that the

distribution of wheel unloading ratio determined by

loading offset is like contour lines of ‘basin’. Based on

the conclusions of quasi-static analysis and dynamics

simulations, the regression equation is proposed and

the fitting parameters are calculated for each simula-

tion case. This paper demonstrates the necessity of

optimizing the location of wagon gravity center

according to the running condition and offers a novel

strategy to load and transport the cargo by railway

wagons.

Keywords Railway wagon � Mass distribution �
Curving performance � Quasi-static analysis �
Dynamics simulation � Regression equation

1 Introduction

Symmetric distribution is the basic criterion for the

loading of cargo on wagons. It has been a consensus

that the optimal location of cargo gravity center is at

the center of the vehicle laterally and longitudinally.
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Thus, the general wagon-rail models assume that the

wagon gravity center (WGC) is the same as its

geometry center in the horizontal plane [1–5]. Since

the uneven mass distribution could result in an obvious

unbalance of wheel load and deteriorate the curving

performance seriously, symmetric loading is the basic

prerequisite in the studies with respect to guaranteeing

wagon running safety [6–11].

However, according to practical experience, skew

loading cannot be avoided completely. For the sake of

vehicle running safety, loading guidelines of several

rail organizations are promulgated to specify the

allowed offset values:

(1) International Union of Railways (UIC) [12]

The ratio of masses per bogie should be less than

3:1 and the ratio of load between the wheels

(left/right) of a given axle should be less than

1.25:1. Moreover, the mass per axle should not

exceed the maximum axle load.

(2) The Association of American Railroads (AAR)

[13]

Longitudinally, the center of load weight should

have a certain distance from either truck center,

which depends on the ratio between load weight

and load limit. Laterally, the load must be

located to equalize the weight.

(3) Chinese Railways (CR) [14]

The transversal distance between the cargo’s grav-

ity center and the carbody’s geometrical center should

be within 100 mm. The difference between the masses

per bogie should be no more than 10 ton, and the mass

of cargo on either bogie should not exceed half of the

loading capacity of the wagon.

Depending on these three representative examples,

we can recognize that there are no universal require-

ments on the mass distribution for a loaded wagon.

Moreover, the allowed offset values stated in the

loading guidelines are sketchy and empirical to some

extent. For a further supplement to loading guidelines,

the method of dynamics simulation has been used to

search for the safe range of wagon’s gravity center.

Shatunov and Shvets [15] proposed that, as for a kind

of 4-axle flat wagon, the maximum lateral offset could

reach 150 mm and longitudinal offset could be

expanded too. Bao et al. [16] focused on a common

open-top wagon in China and demonstrated that CR

criteria were conservative.

The loading guidelines and limited former studies

are based on assumptions that the best location of the

cargo is at the center of a wagon and the height of

WGC should be as low as possible. There are two

confusions brought by the aforementioned documents

and their prerequisites:

(1) The location of the combined center of gravity is

a three-dimensional variable. The decision on

skew loading should be made combined with the

height of gravity center, which is neglected

when defining the allowed offset. Matsumoto

et al. [17] and Bekele [18] pointed out that

lowering the height of gravity center was an

obvious advantage for running safety. Zhang

et al. [19] attempted to figure out the three-

dimensional constraint for the combined center

of gravity of a loaded wagon but failed to draw a

quantitative conclusion.

(2) The assumption of optimal choice is not

convincible. Suda et al. [20, 21] proposed that

the asymmetric truck may be better for curving

performance. Keropyan et al. [22] demonstrated

that a longitudinal offset was necessary for the

locomotive to promote its traction ability. Since

the advantage of asymmetric loading had been

proved in other areas, we can infer that

symmetric distribution might not be a perfect

plan for all the loading cases.

Since loading guidelines and former studies have

obvious limitations, this paper analyzes the stereo-

scopic influence mechanism of mass distribution for a

loaded wagon on its curving performance. It has been

demonstrated that the safety indices would be severe

when the wagon negotiates the transition curve (TC)

[19]. Optimizing the location of WGC on TC is

necessary to improve the curving performance. How-

ever, because of the geometry and changing elevation

of TC, it is difficult to reveal the quantitative

relationship between the location of WGC and the

curving performance on TC. Thus, the process of

negotiating the circular curve is the objective of this

study.

In Sect. 2, a simplified quasi-static analysis of an

uneven loaded wagon is conducted considering pro-

fuse assumptions. Section 3 establishes the MBS

model and carries out simulations to discuss the

qualitative relationship between the location of WGC

and the selected safety criterion. Based on the

123

2260 D. Zhang et al.



conclusions in Sect. 3 and Sect. 4 proposes the

regression equation and calculates the fitting param-

eters for each simulation case.

2 Analysis of the vehicle curving performance

with a simplified quasi-static model

2.1 Quasi-static model

This paper focuses on the two-axle wagon with three-

piece bogies. There is no doubt that the suspension

system plays a key role in the vehicle running

performance by means of weakening the impact

between the carbody and wheelset. Nevertheless, as

for the unevenly loaded wagon, the suspension device

has little effect on inhibiting the unbalanced wheel

load which is resulted from the asymmetric mass

distribution and closely related to the vehicle running

safety. Thus, the quasi-static model is established to

highlight the influence of mass distribution on the

wheel load. The wagon in uniform circular motion is

deemed as suffering equilibrium force including the

centrifugal force so that it can be regarded as a whole.

In order to simplify the model, essential assumptions

are put forward as below:

(1) All the parts of the model are rigid bodies.

(2) The track is smooth and has no rail cant.

(3) The wheelset is symmetric with the center line

of the track.

(4) The load of a truck is distributed evenly to each

wheelset.

(5) The carbody is at its original position.

The mass distribution is directly related to the

vertical contact force. Consequently, the wheel

unloading ratio is more sensitive than the derailment

coefficient for this issue in terms of definitions. This

conjecture was demonstrated by Zhang et al. [19].

Thus, the quasi-static analysis emphatically reveals

the vertical contact force for each wheelset and regards

the wheel unloading ratio as the evaluation index.

In the X–Z plane of the coordinate system of track

centerline, the wagon can be regarded as a simply

supported beam as is shown in Fig. 1.

where Pi (i = 1,2,3,4) is the vertical contact force of

wheelset; l is half of the length between bogie pivot

centers; Gz and Lz are the vertical component force of

wagon’s gravity and centrifugal force, respectively;

Gzq (q = 1,2) is distributed Gz on each truck; Lzq
(q = 1,2) is distributed Lz on each truck; M and N are

the geometrical center of the carbody and the gravity

center of the wagon, respectively; a is the longitudinal

offset; c is the vertical offset.

Since the wagon suffers vertical equilibrium force,

the sum of vertical contact force can be given by:

X4

i¼1

Pi ¼ Gz þ Lz: ð1Þ

Based on the torque balance, the sum of torques

around the rear truck center can be presented as

follows:

ðP1 þ P2Þ � 2l ¼ ðGz þ LzÞ � ðlþ aÞ: ð2Þ

According to the assumptions, P1 = P2, P3 = P4.

Therefore, the vertical contact force can be calculated

based on Eqs. (1) and (2):

P1 ¼ P2 ¼ ðGz þ LzÞðlþ aÞ
4l

ð3Þ

P3 ¼ P4 ¼ ðGz þ LzÞðl� aÞ
4l

: ð4Þ

Furthermore, as a simply supported beam, the

gravity force and centrifugal force are distributed on

the front and rear center plate as below:

Gz1 ¼ Gzðlþ aÞ
2l

Gz2 ¼ Gzðl� aÞ
2l

Lz1 ¼ Lzðlþ aÞ
2l

Lz2 ¼ Lzðl� aÞ
2l

8
>>>>>>>>><

>>>>>>>>>:

: ð5Þ

The mass of wagon is distributed to each truck

longitudinally as already stated. Then, lateral offset

Fig. 1 Longitudinal mass distribution of a loaded wagon

123

Effect of mass distribution on curving performance for a loaded wagon 2261



assigns the load of each wheelset to the wheels as

Fig. 2 illustrates.

where Gq and Lq are the gravity and centrifugal

force of the mass loaded on the truck whose order is q,

respectively; subscript q denotes the front truck when

its value is 1 and the rear truck when its value is 2; P is

the vertical contact force; Q is the lateral contact force;

subscript i denotes the order of wheelset as is shown in

Fig. 1; subscript l and r denote the left and right wheel

of the wheelset, respectively; a represents the angle

resulted from superelevation; b is the lateral offset; c is

the vertical offset from N to M; h is the vertical

distance from M to the top of rail; d is the half of tape

circle distance. In this paper, we take the right-hand

curve as an example. It is easy to point out that:

i ¼ 1; 2 q ¼ 1

i ¼ 3; 4 q ¼ 2

�
: ð6Þ

As for the truck whose order is q (q = 1, 2), its

distributed vertical load is borne by the corresponding

wheelsets:
X

Pil þ
X

Pir ¼ Gzq þ Lzq: ð7Þ

Moreover, the resultant moment of the truck can be

calculated as:
X

Pir � 2d þ ðLyq � GyqÞ � ðhþ cÞ
¼ ðLzq þ GzqÞ � ðd þ bÞ: ð8Þ

Based on Eqs. (6) and (7), the vertical contact force

can be presented as:

Pil ¼
ðLzq þ GzqÞðd � bÞ þ ðLyq � GyqÞðhþ cÞ

4d
ð9Þ

Pir ¼
ðLzq þ GzqÞðd þ bÞ � ðLyq � GyqÞðhþ cÞ

4d
:

ð10Þ

For any wheelset, the wheel unloading ratio (UN)

can be derived as:

Pil � Pir

Pil þ Pir
¼ Lyq � Gyq

Lzq þ Gzq
� hþ c

d
� b

d
: ð11Þ

Combined with the geometric relationship,

Eq. (11) can be derived as:

Pil � Pir

Pil þ Pir
¼ Lzq � Gzq tan2 a

tan aðLzq þ GzqÞ
� hþ c

d
� b

d
: ð12Þ

Since we have assumed that the truck would

allocate its load to inclusive wheelsets evenly, wheel-

sets of the same truck have identical UN. According to

Eq. (10), it seems that the mass loaded on truck has

effect on the UN. For revealing the effect of the mass

distribution significantly, Eq. (5) is substituted to

Eq. (12) to obtain:

Pil � Pir

Pil þ Pir
¼ Lz � Gz tan2 a

tan aðLz þ GzÞ
� hþ c

d
� b

d

¼ v2 � gR tan a
v2 tan aþ gR

� hþ c

d
� b

d
ð13Þ

where v denotes the vehicle running velocity; R de-

notes the radii of curve; g denotes the acceleration of

gravity.

2.2 Analysis of derivative results

Equation (11) illustrates that apart from the lateral and

vertical offset, cant deficiency affects the value of UN

significantly. The values of (h ? c), d and Lzq þ Gzq

� �

are definitely positive. Thus, the positive/negative

signs of Lyq � Gyq

� �
and b determine the trend of

change in the absolute value of UN as below:

(1) Lyq\Gyq, b[ 0 or Lyq [Gyq, b\ 0

The absolute value of UN is positively corre-

lated with |b| and c.

(2) Lyq\Gyq, b\ 0 or Lyq [Gyq, b[ 0

It is complicated to describe the trend of the

absolute value of UN since it is denoted as the sum of a

positive expression and a negative expression con-

taining variables. Numerical computation is needed to

reveal the distribution rules of UN.
Fig. 2 Lateral mass distribution of loaded wagon
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The difference between the lateral component

forces of centrifugal force and gravity of distributed

mass reflects cant deficiency, which is derived to

obtain Eq. (13). Based on Eq. (13), we can demon-

strate the relationship among the loading offset,

velocity and UN clearly. As an example, we assume

that tan a equals 0.1045, the gauge equals 1435 mm,

d equals 0.75 m. For a better description, we use the

variable of z to denote the sum of h and c and set the

scopes of z and b. When the loaded wagon negotiates

curves whose radii are 350 m and 600 m, respectively,

with velocities from 10 m/s to 25 m/s, the absolute

value of UN can be calculated as Fig. 3 illustrates.

Figure 3 reveals the influence of loading offset and

velocity on UN that can be concluded as below:

(1) For the selected velocity and curve radius, the

distribution of UN is similar as the contour lines

of ‘basin.’ With the increase in velocity, the

location of the basin moves to the right of the

wagon.

(2) For most locations, the absolute value of UN

increases with the increase in vertical offset. But

if there is a large negative offset laterally, the

absolute value of UN will decrease as the

vertical offset increases when the velocity is

low.

(3) The balancing velocity (m/s) can be calculated

as Eq. (14):

V0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gR tan a

p
: ð14Þ

For curves whose radii are 350 m and 600 m,

their balancing velocities are 19 m/s and 25 m/

s, respectively, based on Eq. (14). Figure 3

demonstrates that when the wagon negotiates

the curve at the balancing velocity, UN can be

constrained efficiently with the fluctuations of

lateral and vertical offset.

By means of quasi-static analysis, the roles of

lateral and vertical offset in UN can be revealed. In

order to demonstrate the conclusions of quasi-static

analysis and study the effect of longitudinal offset on

UN, dynamics simulation should be implemented.

3 Dynamics simulation

3.1 Dynamic equations of carbody

In this paper, we adopt C70H as the analysis object,

which is one of the commonly used open-top cars in

China. The MBS model of C70H is made up of cargo,

carbody and two three-piece bogies. The schematic

diagram is shown in Fig. 4.

where Hj (j = 1, 2, 3) denotes the distance between

the gravity centers of different components; r denotes

the rolling radius of the wheel; i denotes the angle

resulted from the superelevation; a denotes the tilt

angle of carbody; s denotes half of the tape circle

distance.

Due to the loading offset, the dynamic equations of

carbody play a primary role in building the MBS

model of C70H. Because it is deemed that the bolster is

fixed with carbody in each degree of freedom except

roll, the carbody can be regarded as being exerted by

the lateral and vertical forces of the secondary

b (m)
z (m)

v (m/s)

Absolute value of UN

(a) R=350 m

b (m)
z (m)

v (m/s)

Absolute value of UN

(b) R=600 m

Fig. 3 Distribution of the absolute value of UN
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suspensions, as well as the resistance moments of the

bolster around Y-axis. The force condition of the

carbody is illustrated in Fig. 5.

where O denotes the geometrical center of carbody;

C denotes the gravity center of carbody; mC denotes

the mass of carbody; mB denotes the mass of bolster;

Pi(i = 1,2,3,4) denote the equivalent operating points

of the secondary suspensions; Fyi(i = 1,2,3,4) and

Fzi(i = 1,2,3,4) denote the lateral and vertical forces of

secondary suspensions, respectively; MBi(i = 1,2)

denote the moments around the Z-axis of center

plates; Mzi (i = 1, 2, 3, 4) denote the moments around

the Z-axis of side bearers; Myi (i = 1, 2, 3, 4) denote

the moments around the Y-axis of bolsters; FLC

denotes the inertial force on carbody; FLBi(i = 1,2)

denote the inertial forces on bolsters; YC and ZC denote

the lateral and vertical distances of carbody,

respectively; /C, uC and wC denote the roll angle,

pitch angle and yaw angle, respectively.

In order to simplify the issue, we define that

OC
�! ¼ ðx; y;�zÞ. We assume that the curve radius is R

and the speed of wagon is v. Then the curve radius

corresponding to C is (R-y). The rotational inertia of

carbody can be represented by ICx, ICy and ICz. The

rotational inertia of bolster can be represented by IBx,

IBy and IBz. Using the symbols shown in Figs. 4 and 5,

the dynamic equations of the carbody in the coordinate

system of track can be expressed as follows:

P4

i¼1

FyiþðmCþ2mBÞga¼mC
€YCþ

v2

R�y
þ €aðzþH1þH2þH3þrÞ

� �

þ2mB
€YC�H1

€/Cþ
v2

R
þ €aðH2þH3þ rÞ

� �

P4

i¼1

FziþðmCþ2mBÞg¼mC½ €ZCþ
v2

R�y
a� €aðs�yÞ�þ2mB

€ZCþ
v2

R
a� €as

	 


�
P4

i¼1

FyiðH1þzÞþðFz1þFz2Þðd�yÞ�ðFz3þFz4ÞðdþyÞ

¼ ICxþ2IBxþ2mBðH1þzÞ2
h i

ð €/Cþ €aÞ
P4

i¼1

MyiþðFz1þFz4ÞðlþxÞ�ðFz2þFz3Þðl�xÞ

¼ ICyþ2IByþmBðlþxÞ2þmBðl�xÞ2
h i

€uC

P4

i¼1

Mziþ
P2

i¼1

MBiþðFy2þFy3Þðl�xÞ�ðFy1þFy4ÞðlþxÞ

¼ ICz €wCþv
d

dt

1

R�y

	 
� �
:

8
>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>><

>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>:

ð15Þ

Based on Eq. (15) and the former studies about the

dynamic equations of freight bogies [23, 24], the MBS

model of C70H can be established.

3.2 Description of MBS model

The cargo and carbody are both modeled as rigid

bodies and connected by a fixed joint so as to be

regarded as a whole. The wagon has two bogies, and

each bogie is made up of one bolster, one center plate,

two wheelsets, two side bearers, two side frames, and

four axleboxes. These bodies are connected by forces,

joints, and constraints, including primary suspension

forces, secondary suspension forces, etc. The wheelset

adopts LM tread profile that matches the rail profile of

UIC60 as Fig. 6 shows.

The axlebox is connected with the wheelset by a

revolute joint. The primary suspension, denoted by

bistops which can represent the contact force between

the adapter and guiding frame, links the axlebox to the

side frame that is connected with the bolster by the

secondary suspension. For C70H, its secondary sus-

pension is also linked to two wedges which are

Fig. 4 Side view of C70H

XY Z

P4

P1

P3

P2

Fz1

Fy4

Fz4

Fz3

Fy2

Fz2

mCg

O
C

YC
ZC

ΦCφC

ψC

2d
2l

mBg

mBg
MB2

MB1My1
Mz1

Mz4

Mz2

Mz3

My4

My3

My2

FLC

Fy1

Fy3

FLB2

FLB1

Fig. 5 Forces and moments on the carbody
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between the bolster and side frame to offer normal

force and planar friction on the inclined plane and

vertical plane of each wedge in order to decrease the

vibration [7]. Between the carbody and the bolster,

there is the side bearer which is represented by a spring

with gap and the center plate which offers contact

force, friction force, and torque component around the

normal. The key parameters of the MBS model are

listed in Table 1.

3.3 Loading cases and simulation cases

In this paper, the cargo and carbody are connected

with the fixed joint so as to be regarded as a whole. The

procedure of dynamics simulation is to update the

model by varying the location of the cargo and run

each model through the tracks of different radii with

various velocities.

3.3.1 Loading cases

The location of WGC contains longitudinal offset (x),

lateral offset (y) and the vertical distance from WGC

to the top of rail (z). According to the loading

guidelines enumerated in Sect. 1, there is no uniform

requirement to define the maximum value of x. We

think the most basic requirement is that the mass of

cargo on either bogie should not exceed half of the

load limit [13, 14]. We use Mlimit to indicate the load

limit and use Mempty to indicate the mass of empty

wagon. As is shown in Fig. 1 where the value of x is

represented as a, the load distributed on each bogie

should be no more than (Mlimit ? Mempty)/2. Consid-

ering the parameter values shown in Table 1, the

maximum value of x can be calculated as 1.2 m. Then,

the values of x and the corresponding locations of the

Fig. 6 Profile of LM tread (Flange angle is 70�) and UIC60 (rail cant is 1/40)
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cargo’s gravity center can be designed as Table 2

illustrates.

Comparatively speaking, the determination for the

values of y and z is empirical and rough. They are

presented in Tables 3 and 4. The definitions of yc and zc
are similar as xc, describing the distance between the

reference position and the cargo’s center of gravity.

Table 1 Primary

characteristics of the MBS

model

Parameters Value

Empty wagon mass (kg) 2.38E?04

Carbody rolling moment of inertia (kg m2) 1.50E?04

Carbody pitching moment of inertia (kg m2) 2.14E?05

Carbody yawing moment of inertia (kg m2) 2.24E?05

Load limit stenciled on the car (kg) 7E?4

Cargo mass (kg) 5.00E?04

Cargo rolling moment of inertia (kg m2) 1.36E?04

Cargo pitching moment of inertia (kg m2) 8.17E?04

Cargo yawing moment of inertia (kg m2) 8.70E?04

Vertical distance from empty wagon gravity center to top of rail (m) 1.085

Length of carbody (m) 13

Width of carbody (m) 2.892

Height of carbody (m) 2.05

Bogie frame mass (kg) 355

Bogie frame rolling moment of inertia (kg m2) 15

Bogie frame pitching moment of inertia (kg m2) 146

Bogie frame yawing moment of inertia (kg m2) 134

Wheelset rolling radius (m) 0.42

Wheel base (m) 1.8

Tape circle distance (m) 1.493

Axle length (m) 1.981

Distance between center pivots (m) 9.21

Wheelset mass (kg) 1290

Wheelset rolling moment of inertia (kg m2) 760

Wheelset pitching moment of inertia (kg m2) 77

Wheelset yawing moment of inertia (kg m2) 760

Bolster mass (kg) 652

Bolster rolling moment of inertia (kg m2) 254.4

Bolster pitching moment of inertia (kg m2) 19.73

Bolster yawing moment of inertia (kg m2) 254.4

Primary spring longitudinal stiffness (MN/m) 80

Primary spring lateral stiffness (MN/m) 125

Secondary spring longitudinal stiffness (MN/m) 3.867

Secondary spring lateral stiffness (MN/m) 3.867

Secondary spring vertical stiffness (MN/m) 5.473

Table 2 Values of x and corresponding values of xc

x (m) - 1.2 - 0.8 - 0.4 0 0.4 0.8 1.2

xc(m) - 1.77 - 1.18 - 0.59 0 0.59 1.18 1.77

xc denotes the longitudinal distance from the geometrical

center of carbody to the cargo’s gravity center
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Obviously, there are 490 loading cases based on the

values of xc, yc and zc. For each loading case, the MBS

model would be implemented in each simulation case.

3.3.2 Simulation cases

In this paper, the MBS model runs through the right-

hand curves with different curve radii. Generally

speaking, the curve with a small radius is an unfavor-

able factor to affect vehicle curving performance. We

assume that the radii of curves are 350 m and 600 m,

respectively [25].

According to EN14363 and EN 13,803, we set the

superelevation, maximum cant deficiency and maxi-

mum cant excess as relatively high values, which are

150 mm, 130 mm and 130 mm, respectively [25, 26].

The gauge is designed as 1435 mm. Then the maxi-

mum running velocity (Vmax), minimum running

velocity (Vmin) and balancing velocity (V0) can be

calculated. The simulation cases consisting of differ-

ent curve radii and cruising velocities are illustrated in

Table 5.

In this section, we adopt the standard track irreg-

ularity spectrum of FRA 5 (the 5th class track defined

by Federal Railroad Administration of US) as the

excitation [27–29].

3.4 Simulation result and analysis

In this paper, the wheel unloading radio (UN) is the

criterion to evaluate the vehicle curving performance.

When the updated MBS model endowed with its

loading case negotiates the 120 m length curve in a

simulation case, the maximum absolute value of UN

(UNmax) for all the wheelsets can be monitored. In this

paper, we regard 0.9 as the limit value of UN [24]. For

a certain simulation case, if we delete all the loading

cases which would result in the UNmax larger than 0.9,

then the safety range of WGC can be obtained. The

distributions of UNmax for the safety loading cases in

each simulation case are illustrated in Fig. 7.

where R denotes the curve radius and v denotes the

cruising velocity.

Figure 7 gives us full evidence to draw the

conclusions as below:

(1) Under the premise of a constant z, the distribu-

tion of UNmax is similar to the contour lines of

‘basin.’ In the lateral direction, the location of

the ‘basin’ moves to the right side of the wagon

when it runs on the same curve track with a

higher velocity. In longitudinal direction, there

is no obvious law about the location of the

‘basin.’ Generally, the ‘basin’ is around the

lateral center line or in the front of the wagon.

(2) For the majority of simulation cases, their

distributions of UNmax revealed in Fig. 7

Table 3 Values of y and corresponding values of yc

Y (m) - 0.135 - 0.09 - 0.045 0 0.045 0.09 0.135

yc (m) - 0.2 - 0.13 - 0.07 0 0.07 0.13 0.2

Table 4 Values of z and corresponding values of zc

Z (m) 1.5 1.65 1.8 1.95 2.1 2.25 2.4 2.55 2.7 2.85

zc (m) 1.70 1.92 2.14 2.36 2.58 2.81 3.03 3.25 3.47 3.69

Table 5 Detail of simulation cases

Curve radius (m) Velocity (m/s) Case No

350 7 (Vmin) 1

350 13 2

350 19 (V0) 3

350 22 4

350 26 (Vmax) 5

600 9 (Vmin) 6

600 17 7

600 25 (V0) 8

600 30 9

600 34 (Vmax) 10
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Fig. 7 Distributions of

UNmax for the safety loading

cases
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support the consensus that higher WGC will

lead to worse curving performance. However, as

is illustrated in Fig. 7b, g, UNmax will decrease

with the increase in zwhen there is a large lateral

offset to the left of the wagon. Such an

unexpected trend happens when there is a small

cant excess. The mechanism of this novel

phenomenon can be demonstrated based on

Eq. (11) and is revealed in Fig. 3 in Sect. 2.

4 Regression analysis of simulation data

The dynamics simulation results revealed in Fig. 7

demonstrate the effect of mass distribution on curving

performance in each simulation case. Because every

subgraph in Fig. 7 shows a highly unified law, we

believe that there could be a common fitting equation

between the location of the WGC and UNmax. Based

on the characteristics of horizontal distribution illus-

trated in Fig. 7, we tried using the oblique ellipse

equation to denote the role of loading offset in UNmax.

Besides, we attempt to draw on Eq. (13) in Sect. 2 to

denote the role of vertical distance in UNmax because

the conclusions of the quasi-static analysis are

consistent with the vertical distribution characteristic

of UNmax as is illustrated in Fig. 7. For better

expression of the equation, we use p to denote

UNmax. The regression equation can be proposed as:

p ¼ ax2 þ bxþ cy2 þ lyþ hxyþ v2 � gR tan a
v2 tan aþ gR

� z

� nþ g

ð16Þ

where the value of tan a is 0.1045 in this paper, g is the

gravity acceleration, v and R are the constants

depending on simulation cases.

Based on the data in each simulation case, the

values of parameters can be calculated. For reflecting

the fitting effect of Eq. (16), two evaluation indicators

are adopted: the root mean squared error (RMSE) and

the coefficient of determination (R2). The definitions

of RMSE and R2 are shown in Table 6.

The values of parameters and the corresponding

indicators for each simulation case are illustrated in

Table 7.

In order to be compared with the simulation data

intuitively, the fitting data are revealed in Fig. 8.

According to the evaluation indicators shown in

Table 7 and the contrast between Figs. 7 and 8,

Eq. (16) can basically be considered as the fitting

equation and the values of fitting parameters are

illustrated in Table 7. Based on the regression results,

we can directly assess vehicle curving performance

with the consideration of mass distribution or adjust

the cruising velocity in order to improve vehicle

curving performance.

x (m)
y (m)

z(
m

)

R=600m, v=30m/s UNmax

x (m)
y (m)

z (
m

)

R=600m, v=34m/s UNmax

(i) (j) NO.9 simulation case NO.10 simulation case

Fig. 7 continued

Table 6 Expressions of RMSE and R2

Indicators Expression

RMSE
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n

Pn
i¼1 ðy�i � yiÞ2

q

R2

1 �
Pn

i¼1
ðyi�y�i Þ

2

Pn

i¼1
ðyi�yiÞ2

yi denotes the original data, y�i denotes the fitting data
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5 Conclusion

Loading offset significantly threatens the running

safety of railway wagons. Several major railway

organizations have formulated loading guidelines to

limit the mass distribution for a loaded wagon, and a

few relevant studies were conducted to verify the

accuracy of rules. Both the existing regulations and

studies focused on the limit value of loading offset

without demonstrating the influence mechanism of

mass distribution on curving performance three-

dimensionally. The rigid regulations can meet the

basic requirements for running safety, but it has great

limitations. On the one hand, vehicle curving perfor-

mance cannot be promoted by optimizing the location

of WGC or running velocity. On the other hand, the

limit value of the loading offset is in accordance with

the worst running condition. Thus, the transportation

capacity of the railway wagon is decreased in normal

circumstances.

Based on the above considerations, this paper

explores the relationship between the location of

WGC and the safety criterion considering different

cruising velocities. A simplified quasi-static model is

established on the premise of several assumptions to

reveal the roles of lateral offset, vertical offset and

velocity in the maximum absolute value of the wheel

unloading ratio (UNmax). MBS models with different

loading offsets negotiate curves in various simulation

cases. By means of dynamics simulations, the results

of the quasi-static analysis are validated and the

distribution of UNmax for each simulation case is

presented as the contour lines of ‘basin.’ According to

the conclusions drawn from quasi-static analysis and

dynamics simulation, the fitting equation is estab-

lished. Based on the dynamics simulation data, the

fitting parameters are calculated for each simulation

case.

This paper proposes a novel strategy to load the

cargo and optimize the cruising velocity. Unfortu-

nately, up to now, we haven’t been able to build the

connection between the value of fitting parameter and

curve radius or velocity. Further dynamics simulations

may be needed to help us establish a fitting equation

applicable for various simulation cases.

Moreover, the track irregularity is taken as the only

oscillation source(OS) in this paper. More OS should

be considered to make the conclusions more practical.

As far as we are concerned, the changing elevation of

transition curve, the action of switch and the wind can

be modeled as the supplementary OS in the future

study.

Table 7 Regression results

Case No a b c l h n g RMSE R2

1 0.117 - 0.019 0.254 1.395 0.329 - 1.673 0.324 0.045 0.880

2 0.083 - 0.046 4.915 0.860 0.590 - 0.041 0.599 0.052 0.780

3 0.081 - 0.122 8.089 - 0.691 0.677 - 77.177 0.655 0.032 0.915

4 0.075 - 0.144 2.750 - 1.389 0.502 0.816 0.560 0.032 0.937

5 0.056 - 0.137 - 0.344 - 1.386 - 0.052 1.570 0.498 0.023 0.960

6 0.059 0.041 0.349 1.459 - 0.027 - 2.947 0.021 0.033 0.956

7 0.050 0.033 2.767 1.268 0.229 0.659 0.553 0.042 0.895

8 0.059 0.005 8.961 - 0.302 0.571 7.265 0.326 0.033 0.874

9 0.074 - 0.025 2.864 - 1.456 0.402 1.751 0.296 0.041 0.919

10 0.083 - 0.056 - 0.135 - 1.626 0.239 2.402 0.186 0.040 0.926
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Fig. 8 Distributions of UNmax for the fitting data
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