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1. Introduction 

Railroad companies of European countries (Romania, 
Lithuania, Latvia, Moldova), as well as Georgia, Kazakh-
stan, and Ukraine, are interested in reducing costs for 
maintenance and repair of railroad rolling stock. In addition, 
different economic and technical development of countries 
forces to look for opportunities to use railroad rolling stock 
whose service life established by the manufacturer has ex-
pired. This is possible due to the increase in the service life 
of metal load-bearing structures, which are subject to aging 
processes during operation. To this end, it is important to 
have a residual resource in the rolling stock.

Determining the residual resource of the rolling stock 
after long-term operation requires a set of measures to control 
the technical condition of the load-bearing structures. The set 
of such measures includes the analysis of malfunctions, con-
ducting control tests and periodic technical diagnostics, re-
searching the stress-deformed state of load-bearing structures 
and strength by calculation. Such rolling stock research could 
contribute to devising new maintenance and repair technolo-

gies, to the design of modern structures, and the improvement 
of strength characteristics research methods [1, 2].

Therefore, scientific decisions and approaches to con-
ducting such research must be substantiated for this.

Studies on increasing the service life of load-bearing 
structures of cars were conducted on the example of dump 
cars of the Ukrainian Railroads.

The analysis of the structure of the fleet of special 
rolling stock (dump cars) according to the Guide of the 
GIOC UZ 2066 VU reveals that the service life of the vast 
majority of cars exceeds the service life designated by the 
manufacturer. The share of dump cars that have reached the 
end of their service life is 99 %. The rate of renewal of Ukrzali-
znytsia’s car fleet in recent years has been insignificant, which 
makes it necessary to look for ways to extend the service 
life of the existing car fleet. On the railroads of Ukraine, it 
was decided to partially abandon the ban on operation after 
the end of the designated service life of those rolling stock 
units whose residual resource allows for further accident-free 
operation. For this purpose, the Order of the Ministry of In-
frastructure of Ukraine dated November 30, 2021, No. 647 on 
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The object of research is strength indicators of 
load-bearing structures of special rolling stock (dump 
cars). The research problem is the appearance of the same 
type of cracks in the girder beams of dump cars, the repair 
of which is not provided for by the current repair documen-
tation. Malfunction analysis, control tests, strength studies 
by calculation and experiment were carried out.

The analysis of malfunctions of cars in operation helped 
prove the place of occurrence of fatigue defects – the gird-
er beam. This made it possible to determine specific zones 
of load-bearing elements, in which during control tests of 
cars, on the basis of taking into account data on fatigue 
defects, it is necessary to measure stress parameters.

The results of the control tests showed that the lowest 
value of the fatigue resistance reserve factor n=1.6 for the 
dump car is found in the zone on the girder beam in the area 
of the pivot beam. The value of n is within acceptable limits.

Normative calculations were carried out and a sep-
arate calculation (emergency) mode was additionally 
defined in the SolidWorks Simulation 2019 software pack-
age (France). Based on the results of the dump car stress 
calculations, it was established that the maximum equiva-
lent stresses in the load-bearing structures of the car occur 
during its unloading due to twisting, and the stress vectors 
are at an angle of 45°. During the calculation of individu-
al load modes, the stresses exceed the permissible values.

In order to ensure the necessary strength conditions, it 
is proposed to introduce a reinforcing pad into the girder 
beam of the dump car, due to which the calculated stresses 
are within the permissible limits.

The research will contribute to devising the recommen-
dations for the restoration of dump cars, for designing mod-
ern structures of special rolling stock, and for improving 
strength determination processes
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the extension of the period of operation of freight cars beyond 
the specified period was implemented.

Therefore, studies that consider comprehensive measures 
to increase the service life of special rolling stock are relevant. 
The solutions that can be obtained owing to such studies 
could also be applied to rail rolling stock (metro, trams, etc.).

2. Literature review and problem statement

Modern methods of estimating the residual resource of 
load-bearing structures of rolling stock of railroads are con-
sidered in paper [3]. The principles of building regulations 
for the operation of rolling stock beyond the designated 
service life are proposed. At the same time, in the study, the 
authors considered the change in the endurance limit of the 
structure under the action of multi-cycle loads, which leads 
to a loss of load-bearing capacity. Primary defects that arise 
as a result of episodic emergency loads with exceeding per-
missible stresses were not considered.

Work [4] examines the influence of long-term operation 
of railroad rolling stock on the performance of its load-bear-
ing structures. The stages of fatigue failure of low-carbon, 
carbon, and low-alloy steels, from which the load-bearing 
structures of rolling stock are made, their welded joints, and 
modern possibilities of calculating the probability of occur-
rence of fatigue cracks in them were studied. It is important 
to say that when the study was conducted, the issue of fa-
tigue failure of other parts of the elements except for welded 
joints was not considered.

Issues related to the creation of a complex bench for 
carrying out tests of cars for fatigue life are considered 
in paper [5]. In order to evaluate the accumulated fatigue 
stresses, a test of the equivalent mileage of the car of 3.125 
million kilometers or 25 years was carried out. However, car-
rying out fatigue tests of cars in the proposed way requires a 
significant amount of time.

Paper [6] examines the issues of experimental and theo-
retical studies of the strength of new and modernized dump 
cars. Analysis of the occurrence of damage to such cars 
shows that the main part of the damage occurs during the 
loading process, in the case when the car body is subjected to 
deep impacts of a large mass from a height. A reduction in the 
level of stress that occurs during an impact is possible when a 
protective layer of bulk cargo is sprinkled on the floor of the 
car. The question of the strength of the girder beam (lower 
frame) of the cars is not considered.

The set of studies of modern models of dump cars for 
mainline railroad transport with a gauge of 1520 mm, which 
were created and put into mass production in recent years, 
is reported in [7]. According to the results of a compar-
ative analysis of the characteristics of dump cars, it was 
established that the main advantages of modern ones are a 
reduction in the weight of the container, an increase in the 
carrying capacity and volume of the body, and an increase 
in the strength of individual nodes. At the same time, op-
timization of the load-bearing structures of the dump car 
was not carried out, taking into account the experience of 
malfunctions in operation.

The ratio of the test trip of a freight car to bench tests is 
considered in [8]. The error of the obtained stresses on the 
test bench was between 16.03 % and 27.14 %. In addition, 
research was conducted on replaceable elements that are 
subject to replacement during scheduled repairs.

The analysis of the maintenance management system on 
European railroads is carried out in work [9]. The proposed 
method of determining the critical elements of the rolling 
stock design is determined by the manufacturer of the 
rolling stock and the certified organizations responsible for 
maintenance. When considering critical elements, cars with 
unloading mechanisms (unloading mode) were not taken 
into account.

The issue of modernization of freight cars using com-
posite materials is considered in [10]. The main direction of 
using such materials is the car body, which implies increas-
ing the anti-corrosion characteristics. At the same time, it 
is considered that corrosion processes cause the greatest 
impact on the body of the car, the question of the processes of 
the occurrence of defects in other ways was not considered.

In work [11], studies performed using mathematical 
modeling methods are considered. These methods make 
it possible to consider the behavior of the rolling stock of 
significant costs. At the same time, a simplified version of 
process modeling is considered, not taking into account the 
temporal changes that occur with the rolling stock during 
operation.

Work [12] analyzed the types of failures and their 
critical levels of running parts of railroad rolling stock. 
However, the analysis concerned only the running parts, 
the failure of the load-bearing structures was not taken 
into account, the failure of which can lead to the exclusion 
of the entire unit.

The aabove review of literary sources [3–12] allows us 
to state that the issue of researching the stressed-strained 
state of load-bearing structures of special rolling stock re-
mains unresolved. Determining the features of such a state 
could contribute to the improvement of the supporting 
structures of the special rolling stock, which would make 
it possible to improve the strength characteristics and 
contribute to the extension of the service life of the special 
rolling stock after the end of the period defined by the 
manufacturing plant. 

3. The aim and objectives of the study

The purpose of this study is to identify the features of the 
stressed-strained state of load-bearing structures of special 
rolling stock using the example of a dump car. This will make 
it possible to determine ways to restore the existing fleet of 
rolling stock and improve new designs in the future.

To achieve the goal, the following tasks were solved:
‒ to analyze the malfunctions of dump cars in operation;
‒ to determine the margin of safety of the load-bearing 

structures of the dump car during control tests in accor-
dance with the current normative values;

‒ to develop an estimated strength model of the 
load-bearing structures of the dump car, taking into account 
the above-standard loads;

‒ to propose ways to eliminate the main malfunctions of 
dump cars’ load-bearing structures.

4. The study materials and methods

The object of our research is temporal changes in the 
strength state of load-bearing structures of dump cars after 
long-term operation.



Eastern-European Journal of Enterprise Technologies ISSN 1729-3774 4/7 ( 124 ) 2023

32

The main hypothesis of the research assumes that the 
cause of fatigue cracks are primary defects that could have 
arisen during episodic emergency loads with exceeding per-
missible stresses in non-standard situations.

To determine and analyze malfunctions of dump cars 
in operation, the method of mathematical statistics was 
used [13, 14]. To conduct experimental research, control 
tests were conducted, which included dropping from wedges 
and collision of cars [15].

The scheme for installing strain gauges during control 
tests is shown in Fig. 1.

The test for collision of cars was carried out under the 
following modes (Table 1): 

– bouncing – wedges are installed under all wheels;
– twisting – wedges are installed under the wheels of 

one side of one bogie and the other side of the second bogie;
– galloping – wedges are installed under all wheels of 

one bogie;
– side pitching – wedges are installed under the wheels 

of one side of the car.
Collision tests were performed under the action of a lim-

ited series of impact loads and resource. During the tests, a 
one-impact and a two-impact arrangement of cars was used.

Table	1

The	scheme	of	installing	wedges	under	the	wheels	of	cars	
during	testing

No. Oscillation mode
Side of 
the car

Wheelset number

1 2 3 4

1 Bouncing
L ● ● ● ●
R ● ● ● ●

2 Twisting
L ● ● – –

R – – ● ●

3 Galloping
L ● ● – –

R ● ● – –

4 Side pitching
L ● ● ● ●
R – – – –

Note: ● – the side of the car and the number of the wheelset where 
the wedge is installed; – – the side of the car and the number of the 
wheelset where the wedge is not installed

The number of collisions and the rolling speed of the strik-
er under the action of a limited series of impact loads were per-
formed in accordance with DSTU 7598:2014 “Freight cars. 
General requirements for calculations and design of new and 
modernized railcars of 1520 mm gauge (non-self-propelled)” 
(hereinafter ‒ DSTU 7598), on the resource ‒ before the 
appearance of defects on load-bearing structures. The foreign 
analog of this standard is “EN 12663-2. Railroad applica-
tions – structural requirements of railroad vehicle bodies – 
Part 2: Freight cars. B., 2010. 54 p.”.

The following measuring equipment was used for control 
tests:

– tensor resistors, type ВF200-10AA-A(11)-BX30, with 
size 10×10 mm, resistance range R=200.0±0.5Ω;

– an automatic recorder based on the CompactRIO-9012 
controller, which includes a GPS speed measurement chan-
nel, a cRio-GPSIB module, a cRio GPS satellite naviga-
tion systems GPS receiver, and a 4-channel NI 9237 ana-
log-to-digital converter with a strain measurement range 
of ±2000 million;

– auto-coupling dynamometer with a measurement 
range of 0...3.5 MN – determination of the longitudinal 
forces that acted on the test car at the time of collisions. The 
auto-coupling dynamometer was equipped with strain gaug-
es and pre-graded with a static load on the bench.

The equipment used during the research was in good 
technical condition and had calibration certificates.

The uncertainty of relative deformation measurements 
was 2.1 %.

The strain gauges are installed in accordance with Fig. 1.
The material of the load-bearing structure of the dump 

car is 09G2S steel. The mechanical characteristics of the 
material of the girder beam of the lower frame of the dump 
car are given in Table 2.

Table	2

Mechanical	characteristics	of	the	material	of	the	girder	beam	
of	the	lower	frame	of	the	dump	car

Steel grade Thickness, mm σT, MPa σYS, MPa δS, %

09G2S to 10 480 345 21

Note: σT is the temporary resistance; σYS – yield strength; δS – rela-
tive elongation

In order to determine the margin of safety of dump car 
structures, their spatial model was built. In this case, the 
SolidWorks Simulation 2019 software package was used. 
The strength calculation was carried out using the finite 
element method [16, 17].

Spatial tetrahedra are taken into account when com-
piling the finite-element model of the spinal beam. The 
number of nodes of the model was 576075, elements ‒ 
2266538. The maximum size of the element was 30 mm, 
and the minimum ‒ 6 mm [18, 19]. When creating a finite 
element model, a grid with curvature was used. The mini-
mum number of elements in a circle was 10, the ratio of the 
increase in the size of the elements was 1.4. Fixing of the 
model took place in the places where the car rested on the 
bogie (heel). The minimum size of the elements was cho-
sen according to the smallest size of the weld leg (6 mm) 
according to the recommendations of the International 
Institute of Welding (IIW document IIW-1823-07 ex 
XIII-2151r4-07/XV-1254r4-07. Recommendations for fa-
tigue design of welded joints and components).

Fig.	1.	The	diagram	of	the	installation	of	strain	gauges	on	the	
load-bearing	structures	of	the	dump	car:	a	–	the	upper	frame	

and	the	side	wall	of	the	car;	b	–	the	girder	beam	of	the	car

a

b
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5. Results of the study on determining the strength 
indicators of load-bearing structures of special rolling stock

5. 1. Analysis of malfunctions of dump cars in operation
According to [20], malfunctions of freight cars are divid-

ed into the following groups:
1 – malfunction of the wheelset;
2 – bogie malfunction;
3 – failure of automatic coupling equipment;
4 – failure of automatic braking equipment;
5 – failure of the car body;
6 – failure of the car frame;
8 – malfunction of the car body, which leads to the exclu-

sion of the car from the inventory;
9 – service codes not related to the technical condition 

of the car.
A selection of malfunctions of the fleet of special roll-

ing stock in the property of JSC “Ukrzaliznytsia” was 
formed in accordance with the information certificate from 
the UZ GIOC 2020 VU for the period from 01.05.2020 
to 30.04.2022. The formed data of malfunctions according 
to the certificate are given in Table 3.

Table	3

Malfunctions	of	special	rolling	stock	according	to	maintenance	
data	for	the	period	from	01.05.2020	to	30.04.2022

Group code Total quantity, units

1хх – wheelset 44

2хх – bogie 26

3хх – automatic coupling equipment 31

4хх – autobrake equipment 17

5хх – body 292

6хх – frame 148

8хх – malfunction leading to shutdown 11

9хх – service codes 0

From the point of view of reliability, special rolling stock cars 
are a complex structure consisting of many elements (nodes) 
that interact with each other and influence each other. During 
operation during repairs, certain elements (assemblies) in-
stalled on cars are subject to replacement, which is provided 
for in the repair documentation. Therefore, for an objective 
analysis of the technical condition of special rolling stock cars, 
structural elements that remained unchanged throughout the 
entire operation of the cars were selected and analyzed in more 
detail ‒ the body and frame of the cars.

An in-depth analysis of body faults is given in Table 4, 
frames ‒ in Table 5.

Table	4

Malfunctions	of	the	body	of	cars	of	special	rolling	stock

Fault 
code 

Malfunction name by classifier
Total quan-
tity, units

504 Broken welded joint brace 13

506 Damage to strapping bars 4

532 Floor damage 26

549 Malfunction of loading/unloading mechanisms 129

550 Damage to overhead lines of loading/unloading 98

553 Damage (breakage) of stairs/handrails/footboards 22

Total 292

Table	5

Malfunctions	of	the	frame	of	cars	of	special	rolling	stock

Fault 
code

Malfunction name by classifier
Total quan-
tity, units

601 Breakage of welded joints 47

603 Crack at the junction of the girder and pivot beams 31

610 Longitudinal crack in frame beams over 300 mm 7

612
Vertical/longitudinal crack that passes through 

more than one bolt mounting hole
5

614 Welding breakage, pad break 8

616 Fracture/crack of intermediate beams 16

618 Breakdown/crack/brace break 7

621 End beam crack 23

622 Fracture of end beams 4

Total 148

The results of the study allowed us to determine the plac-
es of occurrence of the largest number of faults on the body 
and frame of cars of special rolling stock. 

5. 2. Determination of the safety margin of load-bear-
ing structures during control tests

Parts of cars that work under conditions of long-term 
intensive action of dynamic loads must be calculated on 
fatigue resistance in the case of multi-cycle loading. During 
the calculation, the likely dispersion of the fatigue resistance 
characteristics of the part and the random nature of its dy-
namic load are taken into account.

Fatigue resistance is calculated taking into account the 
coefficient of fatigue resistance reserve according to the for-
mula in line with DSTU 7598:

[ ],

,

,a N

a e

n n
σ

= ≥
σ

 (1)

where σa,N is the limit of endurance (by amplitude) of the 
full-scale part in the case of a symmetrical cycle and a stable 
load mode based on the test N0=107 cycles, MPa; σa,e is the 
calculated value of the amplitude of the dynamic stress of 
the conventional symmetrical cycle, reduced to the base N0, 
equivalent in terms of damaging action to the real regime 
of operational random stresses during the design life, MPa; 
[n] is the allowable coefficient of fatigue resistance reserve.

To evaluate the fatigue resistance indicators during the 
tests, the following were taken into account:

– the forces that arise during dropping from the wedges 
of the car with the simulation of oscillations of bouncing, 
twisting of the body, galloping, and side pitching;

– forces of interaction between cars, car and locomotive, 
braking, collisions.

The calculated value of the endurance limit is deter-
mined by the formula:

( ),, , 1 ,
a Na N a N pZ Jσσ = σ ⋅ − ⋅    (2)

where ,a Nσ  is the average (median) value of the endurance 
limit of the test sample; Zp is the distribution quantile corre-
sponding to the one-sided probability P, if we consider that 
σa,N is a random variable with a normal distribution law, then 
the following values P=0.95 and Zp=1.645 are recommended 
for the main parts of the cars; Jσa,N=0.05 is the coefficient of 
variation of the endurance limit;
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where 1−σ  is the average (median) value of the endurance 
limit of a smooth standard sample. Numerical values are de-
termined by reference data; ( )

k
Kσ  is the average value of the 

overall coefficient of reduction of the endurance limit of this 
full-scale part relative to the endurance limit of a smooth 
standard sample.

The value of ( )
k

Kσ  can be approximately determined by 
the formula:
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where Kσ  – the effective coefficient of stress concentration, 
which takes into account the decrease in fatigue resistance 
caused by local changes in the shape and size of the part, 
determined according to reference and experimental data for 
some structural elements typical for cars; KH – coefficient of 
heterogeneity of the material; KIT – coefficient of influence of 
surface strengthening treatment of parts; KID – the coefficient 
of influence of the dimensions of the parts (scale factor).

The equivalent summed amplitude of dynamic stresses 
for fatigue calculation is calculated in the general case by 
the formula:

,
10

,
k

mCma e ai i
i

N
P

N =

σ = ⋅ σ∑  (5)

where N0 – the basic number of cycles, the recommended 
value for steel structures (except wheelsets) is N0=107; 
m – the exponent in the equation of the fatigue curve in the 
amplitude; NC – the total number of dynamic stress cycles 
for the estimated service life; σai – the value of the stress 
level, taking into account its mass share during operation; 
Pi – the probability of occurrence of an amplitude with a 
level of σai;

( )
,

k

A
m

Kσ

=  (6)

where A is the coefficient according to DSTU 7598.
For parts in which dynamic stresses arise from oscilla-

tions and vibrations during car movement, NC in cycles, is 
recommended to be determined by the formula:

,C e PN J T= ⋅  (7)

where ТР is the total time of action of dynamic stresses during 
movement for the estimated service life of the part (unit), s:

,P KT B T= ⋅  (8)

where B is the coefficient of conversion of the calendar 
estimated service life in years to the time of continuous 
movement in seconds; ТK – design (estimated) calendar ser-
vice life of the part, year. As ТK, the normative (defined by 
current regulatory documents) service life of the part before 
the planned replacement or the full service life before the 
scrapping of the car is taken.

S

,
2e

a g
J g

f
=

π
 (9)

where a is the coefficient for the car body; g – acceleration of 
free fall, m/s2; fS – static suspension deflection;

310365 ,CL
B

V
=  (10)

where CL  – the average daily mileage of the car; V  – average 
speed.

Based on the results of tests of the cars and assessment of 
their technical condition, a decision is made on the possibil-
ity of further operation and the value of the new maximum 
period of operation is established.

The results of tests are formalized in a technical report 
(act, protocol), in which the data obtained during the exam-
ination of the technical condition and tests, the results of the 
analysis of the obtained information, and the new period of 
operation are indicated.

The total stress values in the test locations (critical 
points) of the dump car within the framework of load mode I 
according to DSTU 7598 and Fig. 1 are given in Table 6 [21]. 
The permissible stress of the material of load-bearing struc-
tures is 0.9σТ=310.5 MPa.

The object of control tests was a dump car, model 31-638, 
No. 34004465, built in 1987 (with an expired service life). 
Control tests were carried out on the territory of KMS-122 
Korosten JSC “Ukrzaliznytsia”.

Table	6

Total	values	of	stresses	at	experimental	sites	(critical	points)	
of	the	dump	car

Chan-
nel 

num-
ber

Stress from the 
forces arising 

from the release 
of the car from 
wedges, MPa

Stress from the forces of 
interaction between cars, 

car with locomotive, brak-
ing, collisions, emergency 

collisions (300 t), MPa

Total 
stress 

values, 
MPa

Fatigue 
resis-
tance 

reserve 
factor, n

1 5.4 30.0 35.5 7.50

2 2.9 37.5 40.4 8.57

3 2.2 19.5 21.6 14.47

4 10.1 26.1 36.2 5.41

5 13.5 62.8 76.3 3.26

6 26.5 134.5 161.0 1.60

7 10.6 44.5 55.1 4.34

8 7.8 16.8 24.6 7.38

9 1.0 19.8 20.8 18.09

10 19.8 59.5 79.3 2.63

11 24.1 68.3 92.4 2.21

12 2.6 38.1 40.7 8.74

Channel 6 of the test car has a total stress level of 161.0 MPa.
During the dump car resource test, 782 collisions were 

made, of which:
– 513 collisions were performed according to the one-im-

pact scheme;
– 269 collisions were performed according to the two-im-

pact scheme.

5. 3. Development of the calculated strength model 
of load-bearing structures of the dump car taking into 
account excessive loads 

The lower frame of the dump car is the most stressed 
element of the load-bearing structures of the car. The model 
is built according to the characteristics of the dump car of 
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model 31-638 and load modes in the form of a 3D stressed-
strained state model.

The spatial model of the lower frame of the dump car is 
shown in Fig. 2.

Calculations on the strength of the girder beam of the 
lower frame of the dump car of model 31-638 were performed 
using the automated design product in the SolidWorks Sim-
ulation 2019 software package. A finite element model was 
built based on the developed 3D model (Fig. 3).

The load diagrams of the girder beam of the lower frame 
of the dump car, model 31-638, were constructed in accor-
dance with DSTU 7598.

Two main (Mode I, Mode III) and one additional (Mode II) 
calculation modes were established.

Calculations for Mode I (I compression (Іc) and I elon-
gation (Іe)) and Mode III (III compression (ІІІc) and III 
elongation (ІІІe)) were carried out only for the most disad-
vantageous possible combination of simultaneously acting 
normative forces.

Stretching (compression) is a type of deformation of a 
solid body, in which its size along one axis increases (de-
creases) under the action of forces whose uniform action is 
perpendicular to the cross-section of the body and passes 
through its center of gravity.

Calculations according to mode II were carried out as 
follows:

– mode ІІodc – the mode of operation of the dump car, 
which provides for its unloading;

– mode ІІrm1 – repair mode, which involves lifting the 
empty body under the ends of pivot beams located diagonally;

– mode ІІrm2 – repair mode, which involves lifting the 
loaded body with jacks installed at the specified points;

– mode ІІrm3 – repair mode, which involves lifting the 
loaded body under one end of the pivot beam to change ele-
ments of the spring kit.

An example of the calculation scheme of the lower frame 
of the dump car in accordance with the established mode Іc 
is shown in Fig. 4.

Static and kinematic boundary conditions of design 
loads according to DSTU 7598 are given in Table 7.

Acceptable stresses adopted in accordance with 
DSTU 7598 when calculating the strength of load-bearing 
elements are given in Table 8.

On the basis of calculated load modes, a static calcula-
tion of the strength of the girder beam of the lower frame of 
the dump car was carried out. Equivalent stress distribution 
diagrams were obtained.

Table	7

Static	and	kinematic	boundary	conditions	of	design	loads	of	
a	3D	model

Calculated forces
Modes

Mode I Mode III Mode ІІ

Gravity gross 85.7 t 85.7 t 85.7 t

Longitudinal force –3.0/+2.0 MN +1.0 MN –

Lateral force H – horizontal force 
acting on heels (compression)

196.5 kN – –

Lateral force PF – transverse 
force of interaction between cars 

(compression)
160 kN – –

Lateral force PF – transverse 
force of interaction between cars 

(stretching)
49.8 kN – –

Vertical dynamic force – 675 kkN –

The lateral force represented by 
acceleration 

– 0.7 m/s2 –

The unloading force acting from 
the unloading cylinders during 

unloading
– – 221 kN

Table	8

Permissible	stresses	when	calculating	the	strength	of	load-
bearing	elements

Material
Mode I and II Mode IIІ

σ, MPa τss, MPa σcs, MPa σ, MPa τss, MPa σcs, MPa

Girder and pivot beams of the body frame 

09G2S
0.9 στ 0.55 στ 1.2 στ

210 130 310
310.5 190 414

The results of calculating the strength of the girder beam 
of the lower frame of the dump car, model 31-638, are shown 
in Fig. 5–12.

Fig.	2.	Spatial	model	of	the	lower	frame	of	the	dump		
car	(bottom	view):	1	–	spinal	beam;	2	–	pivot	beam;		
3	–	cylindrical	beam;	4	–	end	beam;	5	–	pivot	unit

Fig.	3.	Finite	element	model	of	the	girder	beam	of	the	lower	
frame	of	the	dump	of	car	model	31-638

Fig.	4.	Calculation	scheme	of	the	lower	frame	of	the	dump	
car:	1	–	mass	of	cargo	and	evenly	distributed	mass	of	body	
elements;	2	–	leaning	the	body	on	the	bogie;	3,	4	–	lateral	

forces;	5	–	compression	forces	from	the	automatic	coupling
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Fig.	5.	The	diagram	of	the	equivalent	stresses	of	the	girder	beam	of	the	lower	frame	of	the	dump	car,	model	31-638,	according	
to	mode	I

Fig.	6.	The	diagram	of	the	equivalent	stresses	of	the	girder	beam	of	the	lower	frame	of	the	dump	car,	model	31-638,	according	
to	mode	Ie

Fig.	7.	The	diagram	of	the	equivalent	stresses	of	the	girder	beam	of	the	lower	frame	of	the	dump	car,	model	31-638,	according	
to	mode	ІІodc
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Fig.	8.	The	diagram	of	the	equivalent	stresses	of	the	girder	beam	of	the	lower	frame	of	the	dump	car,	model	31-638,	according	
to	mode	ІІrm1

Fig.	9.	The	diagram	of	the	equivalent	stresses	of	the	girder	beam	of	the	lower	frame	of	the	dump	car,	model	31-638,	according	
to	mode	ІІrm2

Fig.	10.	The	diagram	of	the	equivalent	stresses	of	the	girder	beam	of	the	lower	frame	of	the	dump	car,	model	31-638,	
according	to	mode	ІІrm3
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An additional mode IV – emergency – calculation 
mode is proposed, which is offered for cars that have 
unloading devices (pneumatic cylinders), for which a 
non-standard situation is possible. Examples of such a 
situation are:

– jamming of one of the two unloading cylinders during 
unloading of the dump car;

– non-synchronism of unloading devices when unload-
ing a car, etc.

In such a situation, additional moments of twisting of the 
lower frame occur due to the fact that one of the cylinders 
works for unloading, and the other prevents it.

The calculation scheme according to mode IV when one 
of the cylinders is jammed during unloading of the dump car 
is shown in Fig. 13.

Based on the calculated load scheme, a static calculation 
of the strength of the girder beam of the lower frame was car-
ried out. Fig. 14 shows the diagram of the equivalent stresses 
arising in the girder beam of the lower frame of the dump car, 
model 31-638, due to the action of an over-normative load 
within the framework of the proposed IV calculation mode.

Fig. 15 shows the direction of the principal stresses (in the 
form of vectors) in the zone of occurrence of actual defects 
(cracks) of the girder beams of dump cars. A photograph of 
such defects is additionally shown in the upper left corner.

The maximum calculated stresses according to mode IV 
are taken at the level of the values of mode II according to 
DSTU 7598. In this case, the permissible stress value, tak-
ing into account the characteristics of the material given in 
Table 8, for mode IV according to DSTU 7598 is 190 MPa.

Fig.	11.	The	diagram	of	the	equivalent	stresses	of	the	girder	beam	of	the	lower	frame	of	the	dump	car,	model	31-638,	
according	to	mode	IIIc

Fig.	12.	The	diagram	of	the	equivalent	stresses	of	the	girder	beam	of	the	lower	frame	of	the	dump	car,	model	31-638,	
according	to	mode	IIIe
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5. 4. Ways to eliminate the main malfunctions of the 
load-bearing structures of dump cars

The experience and practice of repairing the girder beams 
of rolling stock of various types involve welding the crack 
and bridging it with overlays. Such repair is provided for by 
the rules of capital repair of freight cars (STP 04-016:2018) 
in Ukraine. At the same time, the rules for the overhaul of 
dump cars (TsV-0033) do not provide for the elimination of 
such defects. It is appropriate to consider the possibility of 
such a method of restoring the bearing capacity of the girder 
beam of the lower frame of the dump car.

Structural strengthening of the girder beam of the lower 
frame of the dump car is proposed, which implies welding the 
crack and strengthening the side wall of the girder beam of 
the lower frame of the dump car by installing a 5 mm thick 
overlay [22].

Fig.	13.	Calculation	diagram	of	the	loading	of	the	
girder	beam	of	the	lower	frame	of	the	dump	car,	

model	31-638,	(mode	IV):	1	–	resting	the	body	on	the	
bogie;	2	–	cargo	mass	and	evenly	distributed	mass	of	

body	elements	at	the	beginning	of	unloading;		
3	–	unloading	forces	acting	on	the	elements	of	the	lower	
frame	from	the	working	cylinder;	4	–	reactions	acting	on	

the	elements	of	the	lower	frame	from	the	jammed	cylinder

Fig.	14.	The	diagram	of	the	equivalent	stresses	of	the	girder	beam	of	the	lower	frame	of	the	dump	car,	model	31-638,	
according	to	mode	IV

Fig.	15.	The	direction	of	the	principal	stresses	under	calculation	mode	IV	and	the	actually	detected	defects	of	the	girder	beam
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To this end, the following is required:
1) process the crack, eliminate it by welding and clean 

the weld of the eliminated crack to the level with the girder 
beam of the lower frame;

2) install the manufactured pads (4 pieces) on the girder 
beam of the lower frame and weld them along the contour to 
the girder beam.

Taking into account the defined calculation regimes, 
calculations of the equivalent stresses of the restored and 
reinforced girder beam were carried out.

The maximum tangential stresses when installing the 
pad are shown in Fig. 16.

The maximum tangential stresses when installing the pad 
are 49 MPa. The thickness of the reinforcing pad (Fig. 16) 
is 5 mm, the size is from the pivot beam to the cylinder brack-
et, the height is the entire height of the girder beam.

6. Discussion of the results of experimental and 
theoretical studies of special rolling stock cars

Our research was carried out on the example of dump 
cars that were in long-term operation.

An in-depth statistical and analytical analysis of the 
non-replaceable structural elements of the cars ‒ the body 
and frame ‒ was carried out to determine the malfunctions 
that occur during the operation of special cars (Tables 4, 5). 
It has been established that most malfunctions occur in the 
area of unloading mechanisms due to their failure.

Control tests were conducted to determine the strength of 
special rolling stock cars. The numerical test results (Table 6) 
give grounds for asserting that the stresses that occur in the 
dump cars do not exceed the allowable ones. The coefficient 
of the margin of resistance to fatigue is within the limits of 
permissible values. This does not agree with the statistics of 
detected defects, especially in the girder beams of the lower 
frame of dump cars in the area of unloading mechanisms.

The results of strength calculations showed that the 
maximum equivalent stresses of the girder beam of the lower 
frame of the dump car, model 31-638:

‒ under calculation mode I, they occur between the end 
and pivot beams. The numerical values of the stresses were 
about 200 MPa (Fig. 5, 6);

‒ under calculation mode II, they occur in the middle 
part between the pivot beams. The numerical values of the 
stresses were about 133 MPa (Fig. 7–10);

‒ under calculation mode III, they occur in the middle 
part between the pivot beams. The numerical values of the 
stresses were about 208 MPa (Fig. 11, 12).

This proves that the equivalent stresses do not exceed 
the permissible ones.

The results of our control tests and normative calcula-
tions meet the requirements of regulatory documents. But 
the actually detected cracks on the girder beams of the lower 
frame of dump cars (they have a characteristic direction of 
their development at an angle of 45° to the horizontal) do not 
agree with the results of normative calculations. The result 
of the study of the probable causes of loads affecting the de-

velopment of cracks is the assumption of 
the feasibility of taking into account the 
additional calculation mode IV.

The maximum calculated stresses for the 
proposed mode IV are 205 MPa (Fig. 14). 
Thus, the maximum calculated stresses will 
exceed the accepted permissible values. For 
this, there is a need to make structural 
reinforcements in the dangerous sections 
of the girder beam of the lower frame of the 
dump car.

To confirm the calculation model ac-
cording to load mode IV, it is advisable to 
conduct control tests, which are planned 
in further studies.

The accepted endurance limit for 
the tangential stresses of a symmetrical 
load is 70 MPa. Therefore, the margin 

of strength beyond the limit of endurance is 1.42 (Fig. 16). 
The results of strength calculations after improving the 
design contribute to the reduction of tangential stresses 
by 31 % compared to the typical one. The limitation of the 
calculation of the maximum tangential stresses is that they 
apply only to the girder beam of the cars and do not take 
into account the possibility of restoring other load-bearing 
elements.

When conducting a set of studies, the impact of pneu-
matic cylinders of unloading mechanisms on the strength of 
the girder beam of the dump car was revealed, which leads to 
the appearance of defects. The direction of the main stresses 
in the form of vectors is determined (Fig. 15), which has not 
yet been presented. It was established that the mechanism 
of this process involves the jamming or non-synchronous 
operation of the unloading cylinders and leads to twisting 
of the girder beam. The proposed comprehensive approach 
will make it possible to calculate emergency modes sep-
arately from normative ones and, if necessary, determine 
overtime loads individually for each type of rolling stock. 
This approach will allow one to take into account the design 
features of a certain type of rolling stock.

As a drawback of this study, it can be noted that the 
change in the configuration of the reinforcing pad and the 
change in the welding technology were not considered. In 
future studies of the strength characteristics of load-bearing 
structures, it is advisable to consider the possibility of more 
technologically modernizing and improving the structure as 
a whole.

In contrast to works [3–5, 8, 12], control tests were car-
ried out, during which real loads acting on the rolling stock 
during operation were determined.

The advantage of our research in comparison with those 
highlighted in works [6, 7, 9, 10] is that we proposed to 

Fig.	16.	Diagram	of	maximum	tangential	stresses	when	installing	the	reinforcing	pad
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introduce a reinforcing overlay on the girder beam. This 
will make it possible to ensure the necessary strength of the 
structure and restore its bearing capacity.

In comparison with work [11], it is proposed to carry 
out strength calculations according to calculation mode IV, 
which was not used before. The set of normative and pro-
posed strength calculations made it possible to determine 
zones with an excess of allowable stresses. These zones corre-
spond to the places of defects in the girder beam of the lower 
frame of the dump car in operation.

The proposed calculation mode IV will make it possible 
to more accurately determine the strength indicators of the 
rolling stock at the stage of design and testing.

The presented version of restoration and strengthening 
of the girder beam of the lower frame of the dump car corre-
sponds to the normative and proposed calculation regimes.

The practical significance of the study is:
– in specifying the calculated load modes for cars that 

have unloading devices (pneumatic cylinders);
– the possibility of restoring the bearing capacity of the 

girder beam of the lower frame of dump cars with cracks that 
appear between the cylinder and pivot beams.

The scope of application is railroad rolling stock, namely 
cars with unloading mechanisms.

Our research will contribute to the improvement of the 
strength characteristics of special rolling stock cars, the de-
velopment of theoretical and practical methods of restoring 
the load-bearing capacity of rolling stock.

In further research in this area, it is important to con-
duct control tests with the proposed option of restoring the 
supporting structure. This can be done after the production 
of a control sample of the car.

Also, it is advisable to consider the issue of replacing the 
steel grade 09G2S, from which load-bearing structures are 
made, with another, more plastic one, when designing and 
manufacturing new models of cars.

This approach to determining the strength characteris-
tics of load-bearing structures can be used during research 
of other types of railroad and rail rolling stock.

7. Conclusions 

1. An analysis of malfunctions of dump cars in operation 
was carried out, and similar places of occurrence of car frame 
defects, which are not subject to restoration, were identified. 
It was established that defects occur between the cylinder 
and pivot beams of the vertical wall of the girder beam of the 
lower frame of the dump car.

2. According to the results of the control tests of the 
experimental car, model 31-638, the zones with the lowest 
coefficient of fatigue resistance margin were established, 

which coincide with the places of cracks detected during the 
inspection: the smallest value of the coefficient of fatigue re-
sistance margin corresponds to the point on the girder beam 
in the zone of the pivot beam and is equal to 1,6, with an 
admissible value of [n]≥1.5. At the same time, the normative 
methods of tests and calculations did not make it possible to 
determine the overloaded zone of the girder beam in which 
defects occur.

3. The estimated strength model of the load-bearing 
structures of the dump car was developed in the SolidWorks 
Simulation 2019 software package. In addition to the known 
three standard load modes, the load scheme with one work-
ing pneumatic cylinder was additionally considered. The 
model differs from the existing ones in that it takes into 
account the malfunction of the unloading cylinders, their 
asynchrony of action during unloading of the dump car. The 
(additional) design load mode IV is proposed. According to 
the results of the assessment of the stress state, it was deter-
mined that the girder beam is twisting while the maximum 
calculated stresses are 205 MPa. The excess of allowable 
stresses and the perpendicularity of the direction of the prin-
cipal stress vectors to the direction of the actually detected 
cracks have been established.

4. A method of troubleshooting and increasing the 
strength of the girder beam of the lower frame of the dump 
car is proposed. Its feature is that the defect is eliminated 
by welding the crack and strengthening the side wall of the 
girder beam of the lower frame of the dump car by installing 
an overlay. A similar method of restoration is used for vari-
ous types of cars but without installing a reinforcing overlay, 
which did not provide the necessary strength characteris-
tics. Based on the results of our research, it is proposed to 
implement this method of repair (restoration and strength-
ening) for all types of freight cars.
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