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ABSTRAC The use of aluminium and its alloys in the world history of car building began in the 30s of the last century.

The paper considers various types of cars made using aluminium alloys produced in different countries, as
well as an assessment of the effect of the use of cars with bodies made of aluminium alloys in the Russian Federation. The effect
was determined for three parties of the transportation process: car owners, the carrier and the consignor. The paper calculated
the effect of using a hopper car made of aluminium alloys model 19-1299 with an axle load of 25 tf in comparison with hopper
cars with steel bodies with an axial load of 25 and 23.5 tf. It is shown that for the consignor and the carrier, the use of a car with
an aluminium body by reducing the tare weight and increasing the carrying capacity brings a significant economic effect, at the
same time, as for the owner of the car, there is a reasonable increase in the price of the car by 25-30 %. The purchase of cars
with aluminum bodies is more expensive for the owner, and therefore it is necessary to increase the rental rate to compensate
for the costs or take measures for state support.
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AHHOTA Vl MprMeHeHWe antoMMUHUS U ero CraaBoB B MUPOBOM MCTOPWUM BAarOHOCTPOEHMS Havanocb B 30-x ropax
MpoLwnoro Beka. PaccMoOTpeHbl pas/ivyHble TUMbl BaroHOB, M3TOTOB/IEHHbIE C MOMOLLLIO aNtOMUHUEBBIX

CNAaBOB NPOM3BOACTBA pa3HbIX CTpaH. [poBeaeHa oueHka 3ddekTa oT NpMMEHeHMS BaroHOB C Ky30BaMMW M3 aNtOMUHUEBbIX
cnnaBoB B PM. dpdekT onpenensncs ans Tpex CTOpoOH NepeBo30YHOro npoLecca: CobCTBEHHUKOB BaroHOB, NepeBO3yMKa U rpy-
300TnpaBsuTens.

MpencraBneH pacyeT apdekTa OT NpMMeHeHNs BaroHa-xonnepa m3 antoMUMHUEBbIX cnaaBoB Moaenu 19-1299 ocesoit Harpys-
KOW 25 TC B CpaBHEHMM C BaroHaMu xonnepamu € Ky30BamMu U3 CTanu C 0CeBOM Harpyskon 25 u 23,5 tc. na rpy3ootnpasutens

© Y.P.Boronenko, A.A. Komaidanov, S.M. Drobzheyv, 2023

VEHICLES AND ROLLING STOCK 1




Yurij P. Boronenko, Alexey A. Komaidanov, Sergey M. Drobzhev

RiiCE TRANSPORT

2023

Evaluation of the Efficiency of the Use of Hopper Cars with Aluminum Alloy Bodies

VOL. 2 ISSUE 3

¥ NepeBOo34YMKa NMPUMEHEHME BaroHa C alOMUMHMEBBIM KY30BOM 3a CYET CHUMMKEHMS BECa Tapbl U YBENIMYEHUS TPY30MOLAbEMHOCTH
MPUHOCUT 3HAUMTENbHbINA SKOHOMUYECKUIA SDMEKT B TO BpEMS, KaK A1 COBCTBEHHMKA BaroHa MMeeTcst 060CHOBaHHOE yBeMYeHue
LLleHbl BaroHa Ha 25-30 %. lNpuobpeTeHe BaroHoB C aNtoMUHUEBLIMM Ky30BaMu 06X0AMTCA AOPOXKE A COBCTBEHHUKA, B CBA3M

C YeM HeobxoaMMo YBEIMYUTb apeHOHY0 CTaBKYy 4119 KOMNEHCAUKUKU 3aTpaT UIN NPUHATD MEPbI MO rocnognepxke.

Kﬂ |_OL| E B blE CHO BA. ANOMUHMEBbIE BaroHbl; BaroHOCTPOEHME; aloMUHMEBBIE CM/1aBbl, IHHOBALMOHHbIE BaroHbl,
+ BaroH-xonnep

[na uutuposanusa: boporerko K., KomatidaHos A.A., lpobxes C.M. OueHka 3¢ HeKTMBHOCTM UCMONb30BAHMS BarOHOB-XOMMNEPOB
C Ky30BaMU 13 antoMuHueBbix cnnasos // TpaHcnopt BPUKC. 2023.T. 2. Bein. 3. C1. 7. https://doi.org/10.46684/2023.3.7.

INTRODUCTION

Nowadays, aluminium and its alloys are widely
used in various industries, including car building. This
is due to the resumption of work on the development
of cars with smaller containers through the use of new
materials. Aluminium alloys have satisfactory strength
characteristics with higher corrosion resistance and
lower specific gravity compared to steels commonly
used in car manufacturing [1-4].

In the world history of car building, they started to
use aluminium in the USA in the 30s of the XX century
together with the production of aluminium hopper
cars. Then aluminium was used in the production of
high-speed rolling stock, thanks to which it was pos-
sible to reduce the cost of traction of trains and reduce
the weight of the car body. In the USSR, the production
of aluminium passenger cars was limited to the ER200
train [5-7].

For freight traffic of the USSR in 1975 “Ural Car
Works” manufactured a pilot gondola car with a load
capacity of 66 t with a body made of aluminium al-
loys for transportation of coal, ore, timber and other
bulk cargoes that do not require protection against
atmospheric precipitation. The body and frame struc-
ture was made of special pressed profiles and panels
of high-strength aluminium-magnesium alloy, hatch
covers were made of steel. The catalogue-guidebook
“Cars of the USSR” provides information about a
6-axle gondola with load capacity of 97 t with alu-
minium alloy body, but there is no information about
their operation [8, 9].

In the Russian Federation, work on the creation of a
car made of aluminium alloys began in the early 2000s
with “Ural Car Works” producing a prototype gondola
car of model 12-568 using aluminium alloys in the body
structure. On the basis of aircraft building technologies
of “Voronezh Joint Stock Aircraft Building Company”
an attempt was made in 2005 to manufacture a gon-
dola car from aluminium alloys, the side and end walls
of which consisted of hollow pressed aluminium alloy
panels [10, 11].
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“Promtractor-Car”, CJSC developed a pilot hopper
car made of alloy 1565h with load-carrying capacity of
80 tonnes, but serial production has not started.

At the moment the model range of cars with the
use of aluminium alloys is limited. “United Car Com-
pany” has developed a hopper car with an aluminium
alloy roof. “RM Rail” produced a pilot batch of model
19-1244 hopper cars made of 1565h alloy in 2017, and
in 2023 developed a new model 19-1299 hopper car
with a body made of 1584 aluminium alloy. “United Car
Company” and “RM Rail” have developed aluminium
alloy tank cars for the carriage of nitric acid, models
15-6901 and 15-1232-05. However, these developments
are still unique in the “1520 area”.

At the same time, more than 200 thousand cars
with aluminium alloy bodies are in operation in North
America. Why are these cars profitable in America, but
not in the 1520 Area?

Aluminium alloy cars manufactured in different
countries are shown in the figure and their technical
characteristics are shown in Table 1.

Analysing the data of Table 1, it can be concluded
that the hopper car of model 19-1299, having steel
frame and aluminium body, is somewhat inferior to
all-aluminium foreign cars in terms of tare coefficient.
The application of steel frame in production and opera-
tion, according to the developers, gives a number of
advantages to such a car.

The task is to evaluate the effect of using cars with
aluminium alloy bodies for three parties of the trans-
portation process: car owners, carrier and consignor.

MATERIALS AND METHODS

Compared items and initial data

Three hopper cars of different models were cho-
sen for efficiency calculations: 19-1299 — axle load of
25 tf, aluminium body; 19-9549 — axle load of 25 tf,
steel body; 19-9814 — axle load of 23,5 tf, steel body
(Table 2).
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Fig. Aluminium alloy cars from different countries: a — Aluminum AutoFlood Il (USA); b — Steel and Aluminum Triple Hopper
Aggregate (USA); ¢ — Small Cube Covered Hopper (USA); d — hopper car, model 19-1299 (Russian Federation); e — Aluminum
BethGon Il (USA); f — 1060 mm gauge C80H Aluminum Alloy Coal Gondola (PRC); g — tank car, model 15-6901 (Russian Federation);
h — tank car, model 15-1232-05 (Russian Federation)

Table 1

Technical characteristics of aluminium alloy cars

Empty weight
Model (trade mark) . Carrying . S to carrying
of the car Produced in Type of car Tare, t capacity,t Cubic capacity, m capacity ratio
(tare coefficient)

Aluminum AutoFlood I USA Open hopper 22.40 107.32 118.93 0.21
Steel and Aluminum USA Open hopper 23.81 105.91 68.81 0.22
Triple Hopper Aggregate
Small Cube Covered USA Closed hopper 23.50 106.23 92.94 0.22
Hopper
19-1299 RF Closed hopper 21.00 79.00 111.00 0.27
Aluminium BethGon Il USA Gondola car 18.92 110.82 128.00 0.17
1060mm gauge C80H PRC Gondola car 20.00 80.00 87.00 0.25
Aluminium Alloy Coal
Gondola car
15-6901 RF Tank car 24.50 75.00 5478 0.33
15-1232-05 RF Tank car 20.40 78.60 61.78 0.26
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Table 2
Technical characteristics of the compared cars

Model, specific Axle Carrying Tare. t Tare
features load, tf | capacity,t it coefficient

19-1299 aluminium 0.265

body

19-9549 steel body 25 76 24 0.315

19-9814 steel body 23.5 70 24 0.343
Table 3

Guaranteed mechanical properties of the alloy 1581

Mechanical properties,
Thickness minimum values

Type of the item

ooz,MPa
1.5-6.0 345 205
Flat stock 1581 6.0-10.5 350 200
10.5-50.0 350 190
Extruded section 1581  All dimensions 355 215
Table 4

Calculated strength characteristics

. . Ultimate resistance
2
m e pomt 6‘, N/mm O 8’ N/ i

345 345 490
375 375 510

The body of hopper car model 19-1299 is made of
aluminium alloys 1581. Its mechanical properties are
given in Table 3.

Car bodies of 19-9549 and 19-9814 models are made
of high strength steels according to GOST 19281-2014
and GOST 19903-2015. Calculated characteristics of
their strength are given in Table 4.

Evaluation of possible cost increases for the owner when
purchasing cars with aluminium alloy structures

When purchasing new cars, the owner is faced with
the question of the investment payback period and the
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reasonableness of the car price increase when new ma-
terials are used.

To compare strength and stiffness materials, the
characteristics of specific strength (ratio of strength to
specific weight) and specific stiffness (ratio of modulus
of elasticity to specific weight) are used. Table 5 sum-
marises the specific strength and stiffness character-
istics.

Analysing Table 5, we can conclude that alumini-
um alloy is 2.1 times more efficient than steel in terms
of specific strength by time resistance, and 1.7 times
more efficient than steel in terms of specific strength
by yield strength. In terms of specific stiffness, the
materials are approximately equal. Proceeding from
the fact that when designing cars the main calcula-
tions are carried out on yield strength, it is possible to
conclude that the elements of cars created from alu-
minium alloy 1581 should be about 1.7 times lighter
than steel ones.

In the hopper car model 19-1299 steel body struc-
tures weighing 6.6 t were replaced by aluminium alloy
structures weighing 3.6 t, i.e. the weight of the replaced
structures decreased by 1.83 times. The increase in the
price of material alone amounted to

C=3.6t-340-10% rubles/t — 6.6t - 66 - 10° rubles/t =
=1 224 000 - 396 000 = 828 000 rubles.

This is approximately 20 % of the cost of the car.

In addition, the production of aluminium structures
requires the purchase of new equipment and the in-
troduction of new welding and assembly technologies.
Therefore, a reasonable increase in the price of the car
should be estimated at 25-30 %, which should be paid
by the owner of the car. To compensate for these costs,
the owner should increase the fee for leasing the car
to consignors.

Effect for the carrier from the reduction of train
traction costs

In order to evaluate the effect, a comparative calcu-
lation of energy consumption and train traction costs
was carried out when carrying out transport work of
3.6 - 10° net tonnes, which is approximately equal to
the average annual work of a hopper car.

Table 5

Specific strength and stiffness values

Specific strength

Specific strength at
yield point, oo'Z/pg, km

Specific stiffness,

by ultimate tensile E/pg e 10, km

strength, 6 /pg, km

. Strength class, |  Yield point,
3
Density, t/m c,,MPa o (c,,), N/mm?
Aluminium alloy 1581 2.7 350 200
High-tensile steel 345 18 480 345
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Table 6

Calculations of energy required to perform transport works 3,6¢10° tkm net

RS
19-1299 1,265 12,39
19-9549 1,315 12,39
19-9814 1,343 12,8

Transport works A, Energy r.onsumptlon

3,6 - 10 56,42
3,6 - 10 58,65 2,23
3,6 - 10° 59,9 3,48

Table 7

Results of calculation of savings from the use of aluminium alloy hopper car in loaded mode

. Energy saving . Cost of saved . Cost of saved diesel .
c:rri'tlﬁ aa';'j:r::: dc:;s for empty car s:,l?;t:'clzt‘x’h electricity at the price ?;3?:1?: l fuel at the price of Tot:al:;':c;mn
J traction, GJ 95, of 4 rubles/kWh 95,49 45 rubles/kg 9
25 223 1756 7,024 66.09 2,974 9,998
235 343 2701 10,804 103.14 4,641 15,445
Table 8

Results of calculation of savings from the use of aluminium alloy hopper car in empty mode

Comparison vs cars
with axle load,

Energy saving for

empty car traction, 2]

savings, kWh

tonnes GJ

235 5.79 4560

Energy costs for overcoming the main resistance to
movement were determined in accordance with the
following papers [12, 13]:

I, = (A + k)w(v, q)A, @

where k. = m /m_— car tare coefficient; v — veloc-
ity; w(v, q,) - basic specific resistance of the car, de-
pending on the average speed v and axle load q,;
A = 3,6 - 10° tkm net — conditional volume of transport
works per year (Table 6).

The results of calculation of energy resources sav-
ing in loaded mode for the volume of performed trans-

Table 9
Results of calculation of traction savings from the use
of aluminium alloy hopper car in loaded and empty modes

Comparison vs cars with axle Savings, rubles
load, tf

25 20,087
23.5 41,407

Cost of saved
electricity at the price
of 4 rubles/kWh

18,240

Cost of saved diesel
fuel at the price of
45 rubles/kg

Total traction
savings

Diesel fuel
savings, kg

171.61 7,122 25,962

port work of 3.6 - 10° net tonnes are given in Table 7.
Here it is assumed that 85 % of the work is performed
on electric traction, 15 % — on diesel traction.

The results of energy calculation for empty cars
transportation when carrying out transport works of
3.6 - 10° net tonne kilometres are given in Table 8.

Total savings from the use of aluminium alloy hop-
per car are presented in Table 9.

This calculation explains the popularity of alumin-
ium cars in North America. Trains there are driven by
diesel locomotives and the cost of diesel fuel is 4 times
higher. For American railways, the value of saved
fuel would be 1831 kg and the cost in rubles would be
329,690 rubles, i.e. the effect is almost 8 times greater.
But for Russian railways, the effect is also tangible.

Effect for the carrier from change in railway track
maintenance costs as a result of operation of cars
with aluminium body with smaller tare

The change in railway maintenance costs as a result
of the operation of cars with aluminium body is carried

1 Methodology for assessing the economic efficiency of the operation of innovative freight cars on the railway infrastructure
of Russian Railways (approved by the Order of the Ministry of Transport of the Russian Federation No.457 dated 23.10.2017).
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Table 10

Characteristics of the cars compared

Model, specific features Carryingtcapacity, Tare, t Relative change intrack oad k,
19-1299 aluminium body 25 5.25 21 = =
19-9549 steel body 25 6 76 24 1 1.143
19-9814 steel body 23.5 6 70 24 0.94 1.143

Table 11

Calculation of change in railway maintenance costs in loaded mileage

Loaded REIER
Cargo Tare 5 rate of
5 5 mileage, | Tkm gross n
weight,t | weight,t - railway
trackk
19-1299 79 21 45570 4557000 1
19-9549 76 24 47368 4736800 1
19-9814 70 24 51428 4834200 0.78

out for empty and loaded cars and is determined by
formulas in accordance with the paper?:
e when loaded

AE_=e  ((mi+m)L3 -k (mi+mJLs);  (2)

e when empty
-k __meLe ), 3

T° 1I0p TImop T IOp

AE - e . (maLa

TI0

where e_ - consumption rate per gross metered tonne
kilometre in freight traffic, rubles/tkm; m¢ and m? —
weight of cargo in steel and aluminium car, respec-
tively; m¢ and m? - tare weight of steel and aluminium
car; k . and k — coefficients reflecting the change
in the impact of vertical and horizontal forces of an
aluminium car on the track compared to a steel car in
empty and loaded runs.

Coefficient k_is defined from the expression

%
3 0 \/Ql2 + Y2
k.=vp [Q_;] +YvB [m 5 4

where y, — share of railway track damage associated
with the impact of vertical forces — railway alignment,
wear of rail pads, filler pieces, filler piece pads, sleep-
ers (ranges from 0.60 to 0.65); Q,/Q, — ratio of the maxi-
mum probable vertical dynamic force exerted by the
wheels of the innovative car Q, to the same strength of
the analogue car Q,, which shows how much the im-
pact on the path has changed in the vertical direction;

Change Change in expenses
(m?+mA)L3, | k(mi+mL:, | intrack | (atan expense rate of
tkm tkm gross impact, | 0.02213 rubles/tonne),
tkm rubles
4557000 = = =
= 4736 800 -179 800 -3,978
= 3770676 +786 324 +17,401

the force relations are raised to a degree of y (y = 4),
which takes into account the accepted relationship be-
tween the force impact on the railway track F and the
damage to its components: D ~ Fz y, . — share of rail-
way track damage associated with the total impact of
vertical and lateral forces — straightening, track gauge
adjustment, rail, bolt and screw replacements, wear
of lining pads in steep curves, insulating elements of

,/le + le

07 +Y7
shows how much the impact on the track has changed
in the vertical and horizontal directions in total; Y,
Y, — maximum probable lateral dynamic force of the
car and its analogue, respectively.

Due to the lack of experimental data, the changes
in vertical and horizontal forces were determined the-
oretically, taking into account that their changes are
directly proportional to the axial load.

This representation is an estimate from above,
because the results of experiments with bogies with
a load of 25 tonnes showed a smaller increase in the
coefficient of k.

Expenditure rate RS-51 for measuring gross tonnes
per 1000 gross tonnes of track structure was assumed
to be average for the network and amounted to
22.13 rubles per 1000 gross tonnes?.

The initial data for the calculation are shown in Ta-
ble 10-13.

fastenings (makes 0.35-0.40); —ratio, which

2Expenditure rates determined on the basis of the volume-dependent expenses of “Russian Railways”, JSC for transportation

activities // “Russian Railways”, JSC. 2023.

VEHICLES AND ROLLING STOCK



ISSUE 3 2023

Yurij P. Boronenko, Alexey A. Komaidanov, Sergey M. Drobzhev

Evaluation of the Efficiency of the Use of Hopper Cars with Aluminum Alloy Bodies

Table 12

Calculation of change in railway maintenance costs in empty mileage

Change in expenses

Change in

Tare Loaded Tkm Damage rate of | (m7+ m{)LT, | k(m:+m)LT, | oL o | (at an expense rate of
weight,t | mileage,km | gross | railwaytrackk tk tkm gross tkmp > | 0.02213 rubles/tonne),
rubles
19-1299 21 45570 956 970 1 956 970 = = =
19-9549 24 47368 1136832 1,7 = 1932 600 -975 630 -21,590
19-9814 24 51428 1234272 1,7 = 2098 262 -1141290 -25,256
Table 13 the car, the tariff mainly depends on the distance of

Results of calculation of savings from application
of aluminium alloy hopper car in loaded and empty modes
from reduction of track maintenance costs

Comparison vs cars with axle Savings, rubles
load, tf

25 25,568

235 7,855

The reduction in the cost of maintaining the rail-
way track structure for an aluminium alloy hopper car
with an axle load of 25 tf and a tare coefficient of 0.265
will be:

e compared to a steel hopper car with an axle load of
25 tonnes and tare coefficient of 0.315-0.0025 ru-
bles/km (11 % of the cost rate);

e compared to a steel hopper car with 23.5 tonnes axle
load and tare coefficient 0.343-0.0007 rubles/tkm
(3 % of the cost rate).

So, the use of cars with aluminium alloy body
brings effect to the carrier both in terms of reduction
of train traction costs and track maintenance costs.

Effect for the consignor from reduction of tariff costs
when cargo is transported in a car with a higher

carrying capacity

The peculiarity of the current Price List is the in-
dependence of the tariff from the amount of cargo in

carriage. Therefore, at the considered transport work
of 3,6 - 10° tkm net the consignor, sending the cargo in
a car with a higher carrying capacity, reduces the num-
ber of consignments and due to this saves expenses for
tariff payment in loaded mode. The results of calcula-
tions are given in Table 14.

Thus, the consignor receives the main savings from
the use of cars with increased load capacity.

RESULTS OF THE STUDY

The use of cars with aluminium body brings ben-
efits to the freight carrier and consignor, as well as
to the national economy in general. Cost savings for
the annual volume of transport work 3.6 - 10 tkm net
when operating an aluminium hopper car of 12-1299
model will amount to:

e for the carrier due to saving of fuel costs for trac-
tion of trains in comparison with steel cars with
axial load of 25 tf — 20,087 rubles, in comparison
with cars with axial load of 23.5 tf — 41,407 rubles;

e for the carrier due to reduction of track mainte-
nance costs in comparison with steel cars with axi-
al load of 25 tf - 25,568 rubles, in comparison with
cars with axial load of 23.5 tf — 7,855 rubles;

e for the consignor due to reduction of expenses for
tariff payment in comparison with steel cars with
axial load of 25 tf — 188,980 rubles, in comparison
with cars with axial load of 23.5 tf — 416,940 rubles.

Table 14
Results of calculation of savings from the use of hopper car due to reduction of tariff costs (range ~1700 km)
Loaded mileage Increase in length Savings on tariff Savings on payment
Car model Carrying capacity, t km 98 | of loaded mileage, | payment for loaded of empty mileage Total
km mileage®, rubles tariff*, rubles
19-1299 79 45570 = = = =
19-9549 76 47368 1798 87,720 51,260 138,980
19-9814 70 51428 5858 263,160 153,780 416,940

Note:* — calculation according to ETRAN program.

VEHICLES AND ROLLING STOCK
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CONCLUSION

It is more expensive for the car owner to purchase
cars with aluminium bodies. In order to compensate for
the increased costs, it is advisable for the car owner to
increase the lease rate or to take measures for state sup-
port for the purchase of cars with smaller containers.
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The widespread use of aluminium alloy cars in
North America is due to energy savings for traction
by diesel locomotives, which have lower efficiency
compared to electric locomotives, and the high cost of
diesel fuel compared to fuel prices in the Russian Fed-
eration.
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