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Abstract: In order to find out the root cause of cross bearer welds’ cracks in general-purpose gondola
cars, the relationship between asymmetric structure and stress distribution is studied in this paper.
Firstly, the concept of asymmetry coefficient and stress distribution cluster is proposed, and the
asymmetric coefficients’ calculation methods of independent and dependent variables are given,
respectively, in two-dimensional space. Secondly, according to the different positions of side column
1 and side column 2, 30 local models are established, the cross bearer weld stresses are extracted after
finite element simulation, and the stress distribution clusters of cross bearer weld stresses are formed.
Finally, the asymmetry coefficients of the side columns are calculated, and the correlation between
the positions of the side columns and the weld stresses is studied using the methods of Pearson
correlation coefficient and complex correlation coefficient. The results show that the correlation
between the stress of cross bearer weld 2 and the positions of the side columns is much higher than
that between the stress of cross bearer weld 1 and the positions of the side columns. Meanwhile, it
shows that the method presented in this paper is feasible and effective for the analysis and research
of asymmetric structures. These combined with the calculation method of the correlation coefficient.

Keywords: asymmetry structure; gondola car body; Pearson correlation coefficient; multiple correla-
tion; stress distribution cluster

1. Introduction

At present, the total number of railway wagons has exceeded 900,000 in China. All
types of general-purpose gondola car, which have been an important part of railway
transportation equipment, account for more than 46% of the wagons’ total number [1].
Because loading conditions and operating conditions are limited, the local structure of the
general-purpose gondola car body is asymmetrical, which leads to stiffness mutations at
the local structure. Meanwhile, fatigue cracks always appeared at the position of welded
joints with stiffness mutation, and their lives were much shorter than the design life. The
most typical example is the cracks that appear on the 70t and 80t general-purpose gondola
car body, which is shown in Figure 1. The root cause of the crack here is that the centers of
the side column, interior reinforcement and cross bearer cannot be consistent, which leads
to high stiffness mutation in the local structure. Therefore, it is necessary to research the
correlation between asymmetric structure and stress distribution of key position, which
can provide reference for the structural design of wagon body.

At present, scholars have mainly studied the structural asymmetry in the fields of
towers, bridges, composite materials, etc. [2–5], and there are only several scholars who have
researched the structural asymmetry of ships, buses, and other mechanical structures [6–8].
The methods used in these studies can be mainly summarized as follows: finite element
simulation is used to analyze and evaluate the influence of asymmetric structure on the stress,
stiffness, frequency, etc. [9–13], and the Pearson correlation coefficient, partial correlation
coefficient, and multiple correlation coefficient are often used to measure the correlation of
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simulation or experimental data [14–17]. At present, the research on railway wagon bodies
mainly focuses on stiffness, strength, stability, fatigue, etc. [18–20]. However, the research on
the relationship between structural asymmetry and key weld stress distribution of gondola
car body is almost blank. On the basis of previous research [21], a comprehensive, systematic
and accurate study has been completed in this paper. In addition, an 80t general gondola is
currently the most advanced general gondola, and cracks appear at the large cross beam in
the process of application, and so it is taken as the research object in this paper.
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Figure 1. (a) The crack on cross bearer weld of 70t gondola car body; (b) The crack on cross bearer
weld of 80t gondola car body.

In this paper, the asymmetric coefficient is systematically studied and given appropri-
ate calculation methods. The cross bearer welds’ stress distribution of 80t gondola car body
is analyzed by finite element simulation, and the stresses of the key position are extracted.
Finally, the asymmetric coefficients of the side column 1 and the side column 2 are, respec-
tively, calculated, and the correlation between the position of the side columns and the
stresses was studied by Pearson correlation coefficient and multiple correlation coefficient.

2. Theoretical Background
2.1. Definition of Asymmetry Coefficient

The asymmetric coefficient calculation method of monotonically increasing or de-
creasing variables is different from that of variables with multiple extreme values in a
fixed interval. In order to be more universal, this study gives the calculation methods of
asymmetric coefficient under different conditions.

2.1.1. Asymmetry Coefficient of Independent Variable

When monotonically increasing or monotonically decreasing independent variables,
any point on the coordinate axis can be transformed into values between [−1, 1]. Two-
dimensional space can be taken as an example in this paper. In such an instance, the
coordinate origin is taken as the symmetry center, and the asymmetry coefficient is used
to evaluate the symmetry degree of the independent variable, as shown in Figure 2. The
calculation methods of χ and χ

′
are similar, and the calculation method of the asymmetry

coefficient χ is as follows:{
xce =

xn−x1
2

χi =
xi−xce
xn−xce

(x1 < x2 < . . . < xi < . . . < xn)
(1)

where xi is the i-th independent variable; xce is the center value between x1 and xn; χi is
asymmetry coefficient of xi.
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Figure 2. The schematic diagrams of independent variables distribution on the coordinate axis.

This method can be applied to calculate the asymmetry coefficient of independent
variables such as distance, length and volume, etc. In special cases, researchers can specify
the center of symmetry.

2.1.2. Asymmetry Coefficient of Dependent Variable

Generally speaking, for the dependent variable or random function, the value of each
function is not completely distributed on the coordinate axis in the space. With the two-
dimensional space taken as an example, the schematic diagrams of dependent variables
distribution is shown in Figure 3.
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The calculation formula for the central value of the dependent variable is:

fce(xi) =
max( f (xi))−min( f (xi))

2
(x1 < x2 < . . . < xi < . . . < xn) (2)

where f (xi) is i-th dependent variable.
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The calculation method of the asymmetry coefficient γ is as follows:

γ =
f (xi)− fce(xi)

max( f (xi))− fce(xi)
(3)

This method can be applied to calculate the asymmetry coefficient of dependent
variables such as stress, stiffness and energy, etc. In special cases, researchers can also
specify the center of symmetry.

2.2. Pearson Correlation Coefficient

Pearson correlation coefficient is suitable for measuring the correlation between two
numerical variables [22]. Assuming that the two random variables are Y and V, then the
correlation coefficient of the two variables is:

R =
cov(Y, V)√

var(Y)
√

var(V)
(4)

where cov(Y, V) is the covariance of the two variables; var(Y) and var(V) are the variances
of Y and V, respectively.

In fact, the population correlation coefficient is generally unknown and needs to be
estimated with the sample correlation coefficient. Meanwhile, it can be stated statistically
that the sample correlation coefficient is a consistent estimator of the population correlation
coefficient. Assuming that (y1, y2, . . . , yn) and (v1, v2, . . . , vn) are the samples of Y and V,
then the sample correlation coefficient is:

r =

n
∑

i=1
(yi − y)(vi − v)√

n
∑

i=1
(yi − y)2 n

∑
i=1

(vi − v)2
(5)

where y and v are the mean of the two samples, respectively; n is the number of samples.
In general, when explaining the degree of correlation between variables, according to

the correlation coefficient, the degree of correlation can be divided into four classifications,
as shown in Table 1.

Table 1. The classification table of correlation degree.

Serial Number Correlation Coefficient Correlation Degree

1 |r| ≥ 0.8 High correlation
2 0.5 ≤ |r| < 0.8 Moderate correlation
3 0.3 ≤ |r| < 0.5 Low correlation
4 |r| < 0.3 No correlation

2.3. Multiple Correlation Coefficient

The multiple correlation coefficient is suitable for measuring the correlation between
variable z and a set of variables (y1, y2, . . . , ym) [23], and the calculation process is as follows.

Step 1: (y1, y2, . . . , ym) is subjected to linear regression, and the regression equation
can be written as

ẑ = α0 + α1y1 + . . . + αmym (6)

where α0, α1 and αm are constants, and m is the number of variables.
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Step 2: According to the calculation method of Pearson correlation coefficient, the
calculation formula of the multiple correlation coefficient is

r =

n
∑

i=1
(zi − ẑ)(ẑi − ẑ)√

n
∑

i=1
(zi − ẑ)2 n

∑
i=1

(ẑi − ẑ)2
(7)

3. Finite Element Analysis of 80t Gondola Car Body
3.1. The Structure of Car Body

The 80t gondola car body is an all-steel welded structure, which is shown in Figure 4,
and the literature [24] gives an introduction to its structure in detail. In order to facilitate
the description, cross bearer 1 and side column 1 are defined, and these are associated
with cross bearer weld 1. Then, cross bearer 2 and side column 2 are defined, which
are associated with cross bearer weld 2. For ease of expression, “cross bearer weld 1” is
abbreviated as “weld 1”; “cross bearer weld 2” is abbreviated as “weld 2”.
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Figure 4. The structure of 80t gondola car body: 1. side column 1; 2. side column 2; 3. cross bearer
1; 4. cross bearer weld 1; 5. floor; 6. interior reinforcement; 7. cross bearer 2; 8. cross bearer weld
2; 9. bolster beam; 10. center sill; 11. side sill; 12. intersection point between cross bearer weld 1
and interior reinforcement (The distance between the intersection point and the side sill is 153 mm);
13. starting point of cross bearer weld 1.

3.2. Finite Element Model and Loading Method

The 80t gondola car body belongs to the thin plate structure, and the shell element
can be used for finite element simulation. The mesh model is refined on the local structure
that connects with two cross bearer welds. The mesh model includes 1,191,025 nodes and
1,202,561 units. In addition, symmetrical constraints are imposed on the transverse and
longitudinal central planes. The load and loading method can refer to TB/T1335-1996 [25].
The vertical force of the 80t gondola car body is 1053.5 kN. The longitudinal load includes
stretch load and compression load. The car body is, respectively, loaded with the stretch
force of 1780 kN and compression force of 1920 kN.

3.3. Simulation Result Analysis

According to the simulation results, the stresses of the cross bearer welds are extracted,
which start from intersection points. The stress distribution of welds under each condition
is shown in Figure 5.
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According to Figure 5a [24], as a whole, the stress under the vertical load is highest,
and the stress gradient changes greatly. This especially appears to be the case at a pulse
mutation of 153 mm. The primary cause of this phenomenon is that this position is where
the inner reinforcement, floor, and cross bearer weld connect, and the structure leads to
severe stiffness mutation. Under the conditions of stretch load and compressive load, the
stress change trend is a gentle and upward trend, and the stress slightly fluctuates at the
positions of the two partitions.

According to Figure 5b, under the vertical load, the stress is also higher than at other
conditions, the stress distribution is basically symmetrical about the center of the two
partitions, and the stress change trend on the outer side of the two partitions is steeper.
Under the conditions of stretch load and compressive load, the stress change trend is
relatively gentle and basically shows an upward direction.

4. The Stress Distribution Analysis of Cross Bearer Welds
4.1. The Definition of the Stress Distribution Curves

The positions of the cross bearers are mainly restricted by the door opening and the
load condition, and their positions are generally fixed. Therefore, the influence of the local
structural asymmetry of the car body on the stress distribution of the cross bearer welds is
studied, which focuses on adjusting the position of the side column.

The cross bearer 1 and the side column 1 are, respectively, 930 mm and 1080 mm from
the center of the car body, and the distance between the two parts is 150 mm. The cross
bearer 2 and the side column 2 are, respectively, 2675 mm and 2795 mm from the center of
the car body, and the distance between the two parts is 120 mm.

In this paper, the distance between the side column 1 and the side column 2 from
the center of the car body is defined as d1, d2. Then the finite element models of the car
body are established with 30 mm intervals of d1 and d2, and the finite element simulation
is performed on each model. Meanwhile, Sij(i = 1, . . . , 5; j = 1, . . . , 6) is defined as the
stress distribution curve of the weld 1 in each model, which is shown in Table 2, and Sij are
replaced with S

′
ij, which are the stress distribution curve of the weld 2 in each model.
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Table 2. Definition of stress distribution curve at weld 1 in each model.

d2 (mm)
d1 (mm)

1080 1050 1020 990 960 930

2795 S11 S12 S13 S14 S15 S16
2765 S21 S22 S23 S24 S25 S26
2735 S31 S32 S33 S34 S35 S36
2705 S41 S42 S43 S44 S45 S46
2675 S51 S52 S53 S54 S55 S56

4.2. Selection of Car Body Local Model

According to Table 2, 30 finite element models of car bodies need to be established
and the calculation quantity is quite large. Therefore, in order to improve the calculation
efficiency, the local model of the car body is selected for correlation research. The rigidity
and strength of the car body at the bolster beam are relatively large, and the structure
between the bolster beam and the end wall has little effect on the stress of the cross bearer
welds. Meanwhile, in order to ensure the consistency of constraints and loads, the local
model of the car body is the structure between the center of bolster beam and the center of
the car body, which is shown in Figure 6.
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Figure 6. The local modal of car body.

The stress distribution of the cross bearer welds in the car model and the local car
model is extracted, respectively, as shown in Figure 7. On the whole, the stress change
trends of the welds in the two models are basically consistent, and the stress of cross bearer
welds is slightly different at 153 mm. This paper focuses on the study of the correlation
between the stress of the cross bearer welds and the local structure. Compared with the
stress value, it pays more attention to whether the stress distribution trend of the welds in
the two models is consistent. Therefore, the local model of the car body is more reasonable
and can be used for correlation analysis.
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4.3. Study on Stress Distribution Clusters

According to Table 1, 30 car body finite element models have been established and
simulated. According to their finite element simulation results, 30 Sij(S

′
ij)-curves are

extracted; these are defined as the stress distribution clusters of weld 1(2), and are shown
in Figure 8.
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(1) On the whole, the stress distribution clusters reflect the three stiffness mutation points,
which reflect the actual structural characteristics. Meanwhile, the closer to the side
sill, the greater the stress dispersion. It is shown that the position of the side column
mainly affects the stress distribution of the weld near the side sill.

(2) According to Figure 8a, stress mutation points of welds 1 are mainly concentrated
around 150 mm from the side sill. The reasons for this phenomenon are as follows:

(a) The centers of side column, interior reinforcement and cross bearer are not consistent.
(b) The interior reinforcement is made of cast steel, the rigidity of the connec-

tion among the interior reinforcement, cross bearer and the floor is abruptly
changed, and the distance between the outer edge of the reinforcement and
the side sill is 149 mm.
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(c) The weld 1 is close to the center of the car body, and the side wall has a
large free area at the position of the side opening door, which causes greater
stress mutation.

(3) According to Figure 8b, compared with the stress distribution cluster of weld 1, the
stress of weld 2 is high between 400 mm and 850 mm, and it is relatively small at
153 mm. Compared with weld 1, there are two main reasons for this phenomenon:
the center difference of side column, interior reinforcement and cross bearer is small;
the weld 2 is far away from the center of the car body.

4.4. Stress Extraction

According to Figure 8, the adjustment of the side column position has a great impact
on the weld stress distribution close to the side sill, and has little impact on the weld stress
when the distance is greater than 410 mm. Meanwhile, the weld stress in each model
has the largest stress mutation at the intersection point (which is 153 mm from the side
sill), and the stress dispersion is also large. Therefore, this paper focuses on extracting the
stress value at 153 mm from the side sill, and analyzing the influence of local structural
asymmetry on the stress at this point. The extracted stress is shown in Table 3.

Table 3. The stress value at intersection point (MPa).

Name d2 (mm)
d1 (mm)

1080 1050 1020 990 960 930

Weld 1

2795 101.91 105.90 100.06 98.28 35.00 9.76
2765 100.90 102.47 98.22 95.73 33.84 9.13
2735 101.73 97.76 93.32 92.90 32.50 8.51
2705 101.3 94.28 89.09 89.21 30.90 7.93
2675 95.06 89.66 79.78 80.52 29.74 7.85

Weld 2

2795 45.67 37.57 38.04 37.82 36.09 35.52
2765 40.45 31.86 33.85 33.93 32.48 32.12
2735 49.97 52.92 43.32 43.23 42.11 41.69
2705 32.67 32.79 31.75 31.88 31.53 31.73
2675 19.83 19.77 20.21 19.91 19.69 19.49

4.5. Stress Analysis at Intersection Point

According to Table 3, the following conclusions can be drawn:

(1) The maximum stress of weld 1 is 105.90 MPa, the minimum is only 7.85 MPa, and the
difference is about 98 MPa; the maximum stress of weld 2 is 52.92 MPa, the minimum
is 19.49 MPa, and the difference is about 33 MPa. It can be seen that the minimum
stresses of welds appear when the interior reinforcement, side column, and cross
bearer are completely symmetrical, which shows that the structural symmetry has a
great influence on the stress.

(2) In order to further study the distribution law of weld 1 at the intersection point,
according to the data of weld 1 in Table 3, taking d1 as the x axis, d2 as the y axis, and
the stress as the z axis, drawing a three-dimensional diagram of the stress distribution
of equal height, which is shown in Figure 9a. It can be seen that d1 has a greater
influence on the stress, and d2 has a smaller influence on the stress. Therefore, d2 can
be used as the horizontal axis, and the stress value can be used as the vertical axis, to
draw Figure 9b.
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Figure 9. The interior reinforcement nodal stress graphics of weld 1. (a) Three-dimensional graphic,
(b) Two-dimensional graphic.

According to Figure 9b, when d1 is 930 mm and 960 mm, the stress is significantly lower,
especially at 930 mm. The reason is that when the centers of the interior reinforcement, side
column 1 and cross bearer 1 are completely consistent, there is no intersection between the
interior reinforcement and weld 1, which is the fundamental reason for the minimum stress.
However, when d1 is 990 mm, 1020 mm, 1050 mm and 1080 mm, the stresses under the
four conditions are similar and larger. The reason is that the four conditions have caused
stiffness mutations due to the intersection of the interior reinforcement and weld 1. This
shows that whether the interior reinforcement intersects with the weld is the fundamental
reason for affecting the stress.

The stress analysis of weld 2 refers to the weld 1, according to the data of weld 2 in
Table 3, taking d1 as the x axis, d2 as the y axis, and the stress as the z axis, drawing a
three-dimensional diagram of the stress distribution of equal height, which is shown in
Figure 10a. It can be seen that d1 has a smaller influence on the stress, and d2 has a greater
influence on the stress. Therefore, d1 can be used as the horizontal axis, and the stress value
can be used as the vertical axis, to make Figure 10b.
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According to Figure 10b, when d2 is 2675 mm, the stress is significantly lower. The
reason for this is that the centers of the interior reinforcement, side column 2 and cross
bearer 2 are completely consistent. However, the maximum stress does not occur at
2795 mm, but at 2735 mm. The reason for this is that the difference between the weld 2
and the elevation of inner reinforcement is only 10 mm, which leads to a large stiffness
mutation at the position.

5. Study on the Correlation between Cross Bearer Welds and Stress
5.1. Asymmetry Coefficient Calculation

According to the data of Table 3, the d1 and d2 are converted into asymmetric coefficient
χij by Equation (1), respectively; the stresses are converted into asymmetric coefficient γij
by Equation (3). Then the data in Table 3 can be represented by the parameters in Table 4.

Table 4. Definition of stress distribution curve at weld 1 in each model.

χ11 χ12 χ13 χ14 χ15 χ16

χ21 γ11 γ12 γ13 γ14 γ15 γ16
χ22 γ21 γ22 γ23 γ24 γ25 γ26
χ23 γ31 γ32 γ33 γ34 γ35 γ36
χ24 γ41 γ42 γ43 γ44 γ45 γ46
χ25 γ51 γ52 γ53 γ54 γ55 γ56

Due to the position of cross bearers and the limitation of the space structure of the
side door, when calculating the asymmetry coefficient, 930 mm is used as the center of side
column 1, and 2675 mm is used as the center of side column 2. Therefore, χij is greater than
zero, and the asymmetry coefficient values are shown in Table 5.

Table 5. The correlation of side column 1.

Name χ2
χ1 Pearson

Correlation
Coefficient1.00 0.80 060 0.40 0.20 0.00

weld 1

1.00 0.92 1.00 0.88 0.84 −0.47 −1.00 0.87
0.75 0.97 1.00 0.91 0.86 −0.47 −1.00 0.87
0.50 1.00 0.91 0.82 0.81 −0.49 −1.00 0.88
0.25 1.00 0.85 0.74 0.74 −0.51 −1.00 0.90
0.00 1.00 0.88 0.65 0.67 −0.50 −1.00 0.91

weld 2

1.00 1.00 −0.60 −0.50 −0.55 −0.89 −1.00 0.81
0.75 1.00 −1.00 −0.54 −0.52 −0.86 −0.94 0.66
0.50 0.45 1.00 −0.78 −0.79 −1.00 −1.08 0.84
0.25 0.81 1.00 −0.65 −0.44 −1.00 −0.68 0.84
0.00 −0.06 −0.22 1.00 0.17 −0.44 −1.00 0.50

5.2. Correlation Analysis Based on Pearson Correlation Coefficient

According to the data in Table 5, the correlations between the weld stress and the posi-
tion of the side column 1 and side column 2 were calculated using the Pearson correlation
coefficient calculation method, and the results are shown in Tables 5 and 6. The conclusions
of that can be summarized as following:

(1) On the whole, the stress of the weld 1 has a better correlation with the positions
of the two side columns. Meanwhile, according to the stress distribution cluster of
weld 1, weld 1 has a pulsed stress mutation at the interior reinforcement, which
leads to a greatly reduced fatigue life of the weld 1 at this location. Therefore, when
designing the car body structure, we must pay attention to the placement of the two
side columns.



Processes 2023, 11, 98 12 of 14

(2) According to the data in Table 5, when the side column 2 is at different positions, the
position of the side column 1 shows good correlation with the stresses of two welds.
Most of the correlation coefficients are greater than 0.8, which is highly correlated.

(3) According to the data in Table 6, when the side column 1 is at different positions,
the position of the side column 2 shows excellent correlation with the stresses of two
weld 1, the correlation coefficient is basically above 0.9, which is highly correlated.
However, the correlation between the position of the side column 2 and the stress of
the weld 2 is slightly worse.

Table 6. The correlation of side column 2.

Name
χ1

Weld 1 Weld 2

χ2 1.00 0.80 060 0.40 0.20 0.00 1.00 0.80 060 0.40 0.20 0.00

1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.71 0.07 0.54 0.54 0.46 0.44

0.75 0.71 0.58 0.82 0.71 0.56 0.34 0.37 −0.27 0.18 0.20 0.14 0.14

0.50 0.95 0.00 0.34 0.39 0.05 −0.31 1.00 1.00 1.00 1.00 1.00 1.00

0.25 0.82 −0.43 −0.08 −0.02 −0.56 −0.92 −0.15 −0.21 0.00 0.03 0.06 0.10

0.00 −1.00 −1.00 −1.00 −1.00 −1.00 −1.00 −1.00 −1.00 −1.00 −1.00 −1.00 −1.00

Pearson
correlation
coefficient

0.73 1.00 0.97 0.96 1.00 0.98 0.79 0.46 0.69 0.69 0.65 0.63

5.3. Correlation Analysis Based on Multiple Correlation Coefficient

χ1 and χ2 in Table 5 are used as a set of variables, and stress is used as a variable
y. This is substituted into Formula (7), from which it can be obtained that the multiple
correlation coefficient between the stress of weld 1 and the position of side column 1 and
side column 2 is 0.89. Similarly, according to the data of Table 6, the multiple correlation
coefficient of the stress of weld 2 and the position of side column 1 and side column 2 is
0.66. This calculation result can show that the stress of weld 1 has a high correlation with
the position of the side columns, while the stress of weld 2 has a slightly worse correlation
with the position of the side columns.

6. Conclusions

(a) In this paper, two concepts and one calculation method are proposed. The two
concepts are asymmetric coefficient and stress distribution cluster. The one calculation
method is the asymmetric coefficient calculation method. When the parameters
are monotonically increasing or monotonically decreasing on the coordinate axis,
asymmetry coefficient of independent variable has been given; when the parameters
are in two-dimensional space, asymmetry coefficient of dependent variable is been
systematically given.

(b) 30 local models of vehicle body are established through the adjustment of the positions
of side column 1 and side column 2. According to the finite element analysis results,
the stress distribution clusters of weld 1 and weld 2 are formed, respectively. It can be
clearly seen that the adjustment of the position of side column 1 and side column 2
has little effect on the position of the maximum stress point of the weld. The maxi-
mum stress basically occurs in three positions: interior reinforcement, partition1 and
partition 2.

(c) The correlations between the asymmetry coefficient of weld stress and the asymmetry
coefficient of side column position are analyzed by the Pearson correlation coefficient
and complex correlation coefficient, respectively. It can be seen from the analysis
results that the stress of weld 1 is highly correlated with the position of two side
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columns 1 and 2, and that the stress of inner reinforcement seat node of weld 2 is
moderately correlated with the position of side column 1 and side column 2.

(d) This study can not only provide an important basis for the structural optimization of
80t gondola car body, but it also provides an effective analytical method for asymmet-
ric structure design and optimization.
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