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Abstract. Higher operational efficiency of hopper cars can be achieved with the flash-concept for a resource-
saving structure. The characteristic feature such cars is the use of circular pipes as the carrying body elements. 
The engineering solution made it possible to decrease the tare weight of a hopper car in comparison with that 
of a prototype by 5%. A 20-9749 hopper car, manufactured by Panutinskiy Car Repair Plant (Ukraine), was 
taken as a prototype. On the basis of the suggested hopper car, an articulated car was designed. The dynamic 
loading of the articulated hopper car was defined with mathematical modelling. The study was conducted in 
plane coordinates. The acceleration values obtained were considered in the strength calculation for the 
carrying structure of the hopper car. The strength factors were defined in COSMOSWorks software 
environment. It was determined that the maximum equivalent stresses in elements of the carrying structure 
did not exceed the admissible values. The results of the research will promote designing innovative hopper 
cars for transporting hot pellets and agglomerate, thus enhancing higher efficiency of rail transportation. 

1 Introduction 
An intense competitive environment in the transport 
industry requires designing innovative rail transport 
facilities to maintain a leading position for rail 
transportation. And particular attention should be given to 
the carrying structural elements of cars as they constitute 
a greater part of the tare weight. 

Thus, hopper cars have found a wide application for 
transporting hot pellets and agglomerate at production 
enterprises. A characteristic of these cars is their sheath 
which is not welded to the body frame, but hangs on it; 
the front walls are inclined, which allows the discharge by 
means of gravity [1]. The carrying structure of a railcar 
transporting pellets is under constant working and 
temperature loads from the cargo. Therefore, there is a 
need to improve the existing structure of a hopper car to 
provide an appropriate strength and improve the 
operational efficiency.  

2 Analysis of recent researches  

Improvements in the carrying structure of a 19-9862 
hopper car for ensuring the required strength under 
working loads are described in [2]. The study puts forward 
some ideas about how to strengthen the assembly unit 
which connects the end vertical and middle inclined posts 
with a lateral angle bar of the inclined end wall of a hopper 
car. The strength calculation is made in DSMFem 

software package. The results of the calculation confirm 
the efficiency of the solutions proposed. 

A longer service life of hopper railcars is substantiated 
in [3]. The study gives a general overhaul schedule which 
provides for a longer service life of railcars. The research 
is made by an example of a 19-6930 hopper car. 

However, the authors do not consider improvements 
in the carrying structure of a hopper cars used for 
transporting hot pellets and agglomerate. 

The innovation structure of a hopper car developed by 
the Greenbrier Companies is featured in [4]. The body 
cubic capacity of the car is 146 m3. The car body can 
automatically be discharged in 30 seconds. Besides, the 
speed of unloading commodities can be regulated. 

However, the company has not considered problems 
of designing hopper cars for transporting hot pellets and 
agglomerate. 

Some design features of prospective freight car 
structures are presented in [5]. The study gives 
requirements for designing the carrying structures of 
railcar at the modern stage of rail industry development. 
But the author does not consider improvements in the 
carrying structure of a hopper car and ways to increase the 
operational efficiency. 

Development of prospective structures of freight cars 
is highlighted in [6, 7]. The studies give spatial models of 
carrying structures of railcars and their strength 
calculations. 
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However, designing resource-saving structures of 
hopper cars for transporting hot pellets and agglomerate 
is not covered in the research. 

The designing of a freight car body of composite 
panels is given in [8]. The authors suggest the use of 
anticorrosive materials for paint-and-lacquer coating of a 
car. But modernization of hopper cars for transporting hot 
pellets is not considered in the study. 

The purpose of the article. The purpose of the article 
is to highlight the flash-concept formation for a recourse-
saving articulated hopper car for transporting hot pellets 
and agglomerate. 

3 Results and discussion 
A prospective area in achieving the purpose of the study 
is creation of the functional-adaptive flash-concept of a 
railcar by the results of adequate mathematical and 
computer modelling. 

The flash-concept is understood as the technical image 
of a prospective railcar, intended for theoretical and 
structural representation of the operational principles. 

The authors suggest the use of circular pipes as 
carrying elements to decrease the tare weight of a hopper 
car for transporting hot pellets and agglomerate. This 
engineering solution makes it possible to decrease the tare 
weight of a hopper car in comparison with that of a 
prototype (Model 20-9749) by 5%. 

On the basis of the designed structure of a hopper car, 
an articulated railcar was developed (Fig. 1, 2). The 
solution may increase the operational efficiency of the car 
and decrease the production costs in comparison with that 
of a four-axle car. 

 

Fig. 1. An articulated hopper car for transporting hot pellets 
and agglomerate 

 
Fig. 2. An articulated hopper car for transporting hot pellets and 
agglomerate (bottom view). 

It should be mentioned that there are articulated 
hopper cars manufactured by Research and Production 
Corporation “United Wagon Company” (RPC UWC) 
(Fig. 3 [9]). However, the company has not designed 
articulated hopper cars for transporting hot pellets and 
agglomerate. 

 

 

Fig. 3. An articulated hopper car. 

While developing the flash-concept of an articulated 
hopper car, the authors replaced the bolster beam, where 
it rested on the middle running gear, for a circular section 
beam (Fig. 4). 

 

 

Fig. 4. The frame of an articulated hopper car. 

The dynamic loading on the carrying structure of a 
hopper car at the least favorable operational mode (jerk) 
was defined with a mathematical model, it was designed 
by prof. Bogomaz for a long-base flat wagon loaded with 
tank containers. The model was improved by the authors 
of the article and considered displacements of two 
interacting sections of the articulated hopper car. 
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where 

                1 і і

і
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і
С Сz l               (7) 

іС
М   – the gross weight of the i-th section; 

іС
М  – the mass 

of the carrying structure of the i-th section; 
іС

I  – the 
inertia moment of the i-th section; lP  – the value of 
longitudinal force on the automatic coupling; FRF – the 
absolute value of dry friction in a spring group; k  – the 
linkage rigidity between sections; 1 ,k 2k  – the spring 
rigidity of bogies’ spring groups; ,іx ,і іz  – the 
coordinates indicating displacements of car sections 
relative to the corresponding axes. 

Besides, jerking (1), (4), bouncing (2), (5) and 
galloping (3), (6) oscillations were taken into account. 
The design diagram is given in Fig. 5. 

 

 

 

 

 

Fig. 5. The design diagram of an articulated hopper car. 
 

The articulator was designed by means of elastic 
linkage. The value of longitudinal force on the front 
support of the automatic coupling of a car section was 2.5 
МN [10, 11]. It was also considered that the car rested on 
three 18-100 bogies. 

As the axial load of wheelsets of this bogie was 
23.5 t/axle (230.535 kN/axle), the gross weight of the car 
should not exceed 1,383.21 kN. It should be mentioned 
that bogies of increased axial loads can be used under the 
car. 

The differential equations were solved in MathCad 
software suite [12, 13]. The initial displacements and 
speeds were taken equal to zero [14-16]. 

It was established that maximum acceleration on a 
first section (from the side where the longitudinal force 

was applied) accounted for 31.4 m/sec2, and on a second 
section – 32.3 m/sec2. 

The acceleration values obtained were considered in 
the strength calculation for the carrying structure of a 
hopper car as constituents of the dynamic loading.  

The strength calculation was made by the finite 
element method [17-20] in COSMOSWorks software 
suite. 

The authors of the article developed a design diagram 
of the carrying structure of a hopper car (Fig. 6, 7). It 
allowed for the vertical static load st

vР , the lateral pressure 
Pp on the body walls, and also the longitudinal load Pl on 
the front support of an automatic coupling. 
The model was fixed in the areas where it rested on the 
running gears. The basic carrying elements of the car body 
were made of Steel grade 09G2S. The movable car lining 
of higher resistance properties could compensate a heat 
expansion. 

Isoparametric tetrahedrons were used in designing the 
finite-element model [21-24]. 

 
Fig. 6. The design diagram of the carrying structure of a 
hopper car. 
 
 
 
 
 
 
 
 
 
 
Fig. 7. The design diagram of the carrying structure of a 
hopper car (bottom view). 

The basic characteristics of the finite element model 
are given in Table 1. 

Table 1. The basic characteristics of the finite-element model 
of the carrying structure of an articulated hopper car 

Parameter Value 
The number of Jacobian points 4 
The number of units 1590958 
The number of elements 4845516 
The maximum size of an element, mm 20 
The minimum size of an element, mm 4 
The minimum number of elements in the circle 10 
Ratio of an element size expansion 1.8 
The maximum side ratio 773.8 
Percent of elements with the side ratio less than 3 73.6 
Percent of elements with the side ratio more than 10 3.36 
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The results of the calculations are given below (Fig. 8 
– 14). 

 

Fig. 8. The stressed state of the section of an articulated hopper 
car. 

 

Fig. 9. The stressed state of the section of an articulated hopper 
car (bottom view). 

The distribution of the maximum equivalent stresses 
along the center sill of the section of the hopper car is 
given in Fig. 10. 

Fig. 10. The distribution of stresses along the bolster beam of a 
hopper car section. 

And the maximum equivalent stresses emerged in the 
zone of interaction between the center sill and the bolster 
beam and were about 280 МPа, i.e. they did not exceed 
the admissible values [10, 11, 25]. 

The maximum displacements were 5.6 mm (Fig. 11, 
12); they were concentrated in the discharge hoppers. The 
maximum deformations were 5.8 10-5 (Fig. 13, 14). 

The temperature impact of the car body was not 
calculated as the lining sheets of the walls and hoppers 
were not changed. 

 
Fig. 11. The displacements in the section units of an articulated 
hopper car. 

 
Fig. 12. The displacements in the section units of an articulated 
hopper car (bottom view). 

 
Fig. 13. The deformations in the section units of an articulated 
hopper car. 

 
Fig. 14. The deformations in the section units of an articulated 
hopper car (bottom view). 
 

Besides, the authors conducted a modal analysis of the 
carrying structure of a hopper car [26, 27] and defined the 
critical frequencies of oscillations (Table 2). 

The results obtained made it possible to conclude that 
values of the critical frequencies of oscillations were 
within the admissible range. 

Besides, the study presents the calculation of a design 
service life of a railcar [28-30]  
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where 1L   – the average value of the endurance limit, 
MPа; n – the admissible coefficient of the strength factor; 
m – the exponent of the fatigue curve; N0 – the testing 
base; В – the coefficient indicating a period of continuous 
run of the object in seconds ef  – the efficient frequency 
of dynamic stresses, Hz; a  – the amplitude of equivalent 
dynamic stresses, МPа. 

Table 2. The numerical values of the critical frequencies of 
oscillations for the carrying structure of an articulated hopper 

car. 

Type of oscillations Frequency, Hz Period, from 
1 10.434 0.096 
2 12.378 0.081 
3 13.076 0.076 
4 15.67 0.064 
5 17.572 0.057 
6 18.238 0.055 
7 21.125 0.047 
8 27.431 0.036 
9 27.978 0.036 
10 28.315 0.035 

 
The coefficient characterizing a period of continuous 

run of the object was determined as follows 

                               В = ଷହ⋅ଵయ⋅
ణೌೡ(ଵା.ଷସ)

,                          (9) 

where Lc – the average daily car run, km;ߴ  ௩– the average 
value of the car speed, m/sec; 0.34 – the empty run 
coefficient. 

The efficient frequency of dynamic stresses was 
defined as follows 

                       е݂ = ଵ,ଵ
ଶగට


ೞ

,                              (10) 

where fst – the static deflection of a spring group, mm. 
The following input parameters were taken in the 

research: the average endurance limit was defined as 0.5ߪв 
of the material (Steel grade 09G2С) and accounted for 
245 МPа; the testing base was 107 cycles (recommended 
for steel); the period of continuous run of the object was 
6,514.37 sec; the efficient frequency of dynamic stresses 
considered the spring suspension parameters of a 18–100 
bogie and accounted for 2.7 Hz; the admissible strength 
factor was taken equal to 2; the fatigue curve exponent for 
a welded structure equaled to 4; and the amplitude of 
equivalent dynamic stresses was 67.3 МPа. 

On the basis of the calculation it was established that 
a design service life of the carrying structure of an 
articulated car is more than 32 years. 

4 Conclusions 
The following conclusions were drawn from the research: 

1. The flash-concept of an articulated hopper car for 
transporting hot pellets and agglomerate was created. A 
characteristic of the car is the use of circular pipes as the 
carrying elements of the body. The engineering solution 
made it possible to decrease the tare weight of the carrying 
structure of a hopper car in comparison with that of a 
prototype (Model 20-9749) by 5%. 
2. The dynamic loading of a hopper car for transporting 
hot pellets and agglomerate was determined. It was 
determined, that the maximum acceleration on a first 
section (from the side where the longitudinal force was 
applied) accounted for 31.4 m/sec2, and on a second 
section – 32.3 m/sec2. 
3. The strength values for an articulated hopper car 
intended for transporting hot pellets and agglomerate 
were defined.  

The maximum equivalent stresses emerging in the 
carrying structure of an articulated hopper car section 
were about 280 МPа, i.e. they did not exceed the 
admissible values. The maximum displacements 
accounted for 5.6 mm and were concentrated in the 
discharge hoppers. The maximum deformations were 
5.8∙10–5. 

The results of the research will promote designing 
modern hopper cars for transporting hot pellets and 
agglomerate, thus increasing the rail transportation 
efficiency.  
 
The research was conducted within the taxpayer-funded 
research “Innovative approaches in designing resource-saving 
car structures with consideration of refined dynamic loading and 
functional-adaptive flash-concepts”. 
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