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Railways of India. An important stage
of modernization is completed — unification
of track width

Vladislav B. Zakharov'®, E. Komarov?
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?Independent researcher; St. Petersburg, Russian Federation
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ABSTRACT India, the Republic of India is a country of one of the world’s oldest civilizations, the largest state in the world

by population — 1.42 billion people (end of 2022), occupying an area of over 3 million square kilometers.
India, which has accelerated the pace of its socio-economic development in recent decades, is playing an increasingly important
role in the international arena every year, including as one of the BRICS organizers. The state railways of India are managed
by the Ministry of Railways of India represented by Indian Railways (99 % of the country’s railway network) and are, despite
the dominance of motor transport, remain one of the main modes of transport. During the year, the railways of India transport
more than 8 billion passengers (2nd place in the world after Japan), the staff of the railways of India will amount to 1.2 mil-
lion people (the 7th employer in the world). Railway transport in India is developing intensively, in recent years, work has been
intensified on the organization of high-speed traffic on a number of lines of existing railways, the first high-speed railway line
Mumbai — Ahmedabad is being built with a normal gauge of 1435 mm with a length of 508 km, designed for a maximum train
speed of 350 km/h. The authors of the article have repeatedly visited India, visited various railway enterprises, railway educa-
tional institutions — universities and institutes, met with industry leaders at the Ministry of Railways of India, traveled along
the country’s railways along a number of routes with a total length of about six thousand km.

KEYWO RDS. railway transport of India; history of transport; narrow-gauge; standard; broad-gauge railways; moder-
+ nization; electrification; high-speed railways

For citation: Zakharov V.B., Komarov E. Railways of India. An important stage of modernization is completed — unification of track
width. BRICS transport. 2023; 2(2):1. https://doi.org/10.46684/2023.2.1.

0630pHas cmames

Xene3Hble poporu NHamn. 3aBepluaeTcs BaXKHbIN 3Tan
MoAepHU3aLUN — yHUPUKaLMA LUNPUHbI KoNeu

B.B. 3axapos'™, E. Komapos?
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AH HOTA M Pecnybnuka MHams — cTpaHa OQHOW M3 ApEeBHENLLIMX MUPOBBIX LMBUIM3ALLMIA, KPYMNHENMLWee No Hacene-
HUIO rocypapcteo mupa — 1,42 mnpp yenosek (KoHew, 2022 r.), 3aHMMaloLLee TEPPUTOPUIO CBbILE 3 MIH

KM, MIHAMS, yCKOPUBLUAS B NOCNEAHUE LECITUNETUS TEMIbI COLMANbHO-IKOHOMUYECKOTO Pa3BUTHS, C KaXAbIM FOLOM UrpaeT Bce
60NbLUYI0 POSib HA MEXAYHAPOAHOM apeHe, B TOM YMCie U Kak 0aMH u3 opraHusatopoB BPVKC. [ocypapcTBeHHble enesHble f0-

© V.B. Zakharov, E. Komarov, 2023
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poru ynpaBnstoTcs MUHUCTEPCTBOM Xene3Hbix Aopor MHamu B nuue komnanuu Indian Railways (99 % xene3HopopoxHoM cetu
CTPaHbl) U, HECMOTPS HA AOMUHUPOBAHME aBTOMOOWIBHOIO TPAHCNOPTA, OCTAKTCS OLHWMU U3 OCHOBHbIX NEPEBO3YMKOB. 3a oA,
XenesHble goporv MHauv TpaHcnopTupytoT 6onee 8 Mipa, naccakMpos (BTOPOE MECTO B MMpe nocse AnoHUM), NEPCOHaN Kene3Hbix
nopor Muauu coctaensiet 1,2 MnH YenoBek (ceabMoii pabotoaatens B MUpE). XKenesHof0poXKHbIM TpaHcnopT MIHAWMM pa3BMBaeTCs,
B MNOC/IEAHUE FOAbl AKTUBU3MPOBAHbI PaboTbl MO OPraHU3aLMM CKOPOCTHOTO ABUXKEHUS HA PSAE NIMHUI CYLLECTBYIOLLMX XKENEe3HbIX
[L0pOr, CTPOUTCS NepBas BbICOKOCKOPOCTHAS XeNne3HOoA0pOoXHas Maructpans Mymbaun (Mumbai) - Axmenaban, (Ahmedabad) Hop-
ManbHol koneu 1435 MM annHoii 508 kM, paccuMTaHHas Ha MakCMMasbHYIO CKOPOCTb AABMXEHUS noe3noB 350 km/u.

ABTOpbI HEOLLHOKPATHO ObIBaNM B MIHAMM, NOCELLANM PA3/IMYHbIE KENE3HOAOPOXKHbIE MPEANPUSTHS, KENE3HOL0POXKHbIE yYeb-
Hbl€ 3aBEAEHUSI — YHUBEPCUTETbI M MHCTUTYTbI, BCTPEYANUCh B MUHUCTEPCTBE XKeNe3HbIX 4opor MHAUM C pyKOBOAUTENSIMU OTPaC/H,

COBEPLUMIN NMOE3AKM MO XKeNe3HbIM A0POraM CTPaHbl MO PsAy MapLIPyTOB 06LWei NPOTAKEHHOCTbIO 0KoMo 6000 KM.

KJIO4EBDIE C/10B

XXenes3Hble aoporu

. KEene3HOLOPOXHbIM TPAHCMOPT MHAMMU; UCTOPUS TPAHCNOPTA; Y3KOKO/ENHbIE; CTaHAAPTHbIE;
+ LUMPOKOKO/MEMHbIE XKENE3HbIE AOPOrU; MOLEPHU3ALMS; INEKTPUDUKALMS; BbICOKOCKOPOCTHbIE

[ins umtuposanus: 3axapos B.b., Komapos E. Xene3Hble poporn MHAMKW. 3aBepLuaeTcs BaXHbIM 3Tan MOLEPHM3ALMU — YHUDUKALMS
wupuHbl Konew // Tpancnopt BPMKC. 2023.T. 2. Bein. 2. Cr. 1. https://doi.org/10.46684/2023.2.1.

THE BIRTH OF RAILWAY TRANSPORT IN INDIA

The first railway projects in India, then a British
colonial possession, appeared early by world stan-
dards — in 1832. It was rather about creating industrial
railways to transport construction materials and mi-
nerals. In 1837 the first industrial railway, the Red Hill
Railroad, 25 km long, was opened in Madras [1] built
by an English engineer and entrepreneur Sir Arthur
Thomas Cotton (1803-1899)!. Arthur Cotton built ca-
nals, dams and railways and was interested in railways
as a means of facilitating the delivery of construction
materials to sites. To this end he built another Godavari
Dam Construction Railway in 1845 to build a dam on
the Godavari River [2].

In the 1840s several attempts are made to build pub-
lic railways. In 1845 the Madras and East India Railway
Companies are set up. The former failed and failed to
start construction, was dissolved and re-established in
the 1850s. The East India Railway Company was more
successful and in 1851 a survey from Calcutta to Rani-
ganj Raniganj began, which identified a crossing point
for the Son River, the largest tributary of the Ganges
River [2].

Many difficulties arose during the organisation
of the construction. The delivery of nearly all neces-

sary materials, including rails, fasteners and rolling
stock was carried out from England by sailing ships.
It was a long voyage around the Cape of Good Hope
and the Suez Canal was not opened until 1869. Wood
for sleepers was sourced from Nepal and some spruce
sleepers were brought from the Baltic Sea coast, with
sleepers being treated with creosote in England. The
first section from Howrah to Benares, 37 km long, was
opened on 15 August 18542

The beginning of the modern public railway net-
work is associated with the construction of a 33.8 km
long railway between Bori Bunder (Bombay, now
Mumbai) and Thane [3, 4], on which the first passen-
ger train passed on 16 April 1853. This was a section
of the future Great Indian Peninsula Railway (GIPR).
The railway was built with a track gauge of 5ft and
6in (1676 mm).

The country’s largest railway station, Chhatrapati
Shivaji Maharaj Terminus (Chhatrapati Shivaji Termi-
nus, CSMT)? which is located on the site of the former
Bori Bunder station in Bombay (now Mumbai), is a re-
minder of that momentous occasion. The building was
built between 1878 and 1888 by the British architect
Frederick William Stevens* (1847-1900), High Victo-
rian Gothic design based on late medieval Italian mo-
dels [5]. The terminal has become one of the symbols

! Arthur Cotton is the builder of many hydraulic structures — irrigation canals and dams in India — has earned the grateful
memory of Indians, which is kept in the states of Andhra Pradesh and Tamil Nadu. A museum dedicated to his work has
been opened in Rajamahendravaram. Arthur Cotton was persecuted and harassed by the British administration, which did not
maintain his loyal relationship with the locals. In recognition of Cotton’s contribution, a new dam on the Godavari River, built
in 1982, was named after him by the decision of Indian Prime Minister Indira Gandhi.

2East Indian Railway Company. URL: https://en.wikipedia.org/wiki/East_Indian_Railway_Company

3Formerly Victoria Terminus, the name was changed in 1996.

4Frederick William Stevens (1847-1900) is the author of other famous architectural creations: The former Royal Alfred Sailors’
Home, Bombay (1872-1876), Municipal Corporation Buildings, Bombay (1888-1893), The Flora Fountain, Bombay (1869) together
with Scottish sculptor James Forsyth (1827-1910) etc. URL: https://victorianweb.org/art/architecture/stevens/index.html
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Fig. 1. Chhatrapati Shivaji Terminus Railway Station (CSMT)), Mumbai. Photo by the authors. 2016

of Bombay-Mumbai and was inscribed on the UNESCO
World Heritage List in 2004° (Fig. 1-4).

The railway station is being carefully preserved and
renovated to improve the passenger experience, while
preserving all the important historical architectural
and planning features. In recent years, air-conditioned
waiting rooms, modern ticket offices and an expanded
list of additional services provided to passengers have
been built.

The station houses the Chhatrapati Shivaji Termi-
nus Heritage gallery (Fig. 5-9). Visitors can explore the
preserved state rooms of the station and the numer-
ous stands and exhibits relating to the history of the
station and the Indian Railways from the 1930s to the
present day.

In 2009, a memorial was unveiled at Chhatrapati
Shivaji station, which is sacred to the people of India
(Fig. 10) to commemorate the tragic events of Novem-
ber 26, 2008, when a number of Mumbai facilities,
including this station, were attacked in a terrorist at-
tack that resulted in numerous casualties.

THE KEY ISSUE IN CREATING RAIL TRANSPORT:
THE CHOICE OF TRACK GAUGE

To understand how entrepreneurs, engineers, plan-
ners and builders who built the first railways in India

and then formed its railway network came to the deci-
sion to use the 1676 mm gauge as the main gauge in
the country, while several narrow-gauge railways were
also built, it is necessary to make a brief excursus into
the history of the first decades of railway transport in
Great Britain. The early days of railway construction
in this country, the technical solutions adopted, the
construction and operational parameters have had a
major influence on the creation of railway transport in
almost every country in the world. They influenced the

Fig. 2. CSMT. Distribution hall. Photo by the authors. 2016

5World Heritage — natural or man-made sites that UNESCO considers a priority for conservation and promotion because of

their special cultural, historical or ecological significance.
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Fig. 3. CSMT. Common waiting room. Photo by the authors. 2016

establishment and development of railways in India,
which had been under colonial dependence on Britain
for a long period of time. The country’s railways, built
for the most part by British entrepreneurs and engi-
neers, were a reflection of the situation in the metropo-
lis, a “crooked mirror” that in many cases exaggerated
negative phenomena.

It is well known that the choice of gauge for a rail-
way is one of the fundamental factors determining
the scope and cost of construction works and the most
important parameters for future operation, includ-
ing maximum speed, carrying capacity and operating
costs.

In the early decades of public railways, engineers
and planners in various countries, especially in the
home of railways in England, experimented with gaug-

es. As the sources of those years indicate, most of them,
and practically the entire community of entrepreneurs
and engineers and government officials, until the mid-
1830s considered each railway project as an isolated
transport enterprise, based on its specific practical and
commercial purposes in a given location, in connection
with other facilities — mines, mines, factories, ports.
Few foresaw that road railways, especially in the initial
period of construction of the first of them, would in
the foreseeable future come together, much less merge
into a nationwide network.

In England, for example, by the beginning of
XIX century there was a well-developed network of
canals to ensure national transport tasks, and the
length and condition of highways were improving
year by year. Railways, mostly with cast-iron rails,

Fig. 4. CSMT. Men’s Lounge for 1st and 2nd class passengers.
Photo by the authors. 2016
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Fig. 5. CSMT. Museum of Indian Railways. Layout of the
Chhatrapati Shivaji Terminus. Photo by the authors. 2016
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Fig. 6. CSMT. Terminus Parade Gallery. Photo by the authors. Fig. 7. CSMT. Parade Hall for official delegations. Photo
2016 by the authors. 2016

Fig. 8. CSMT. Museum of Indian Railways. Model of a late 19th century Indian Railways mix-type passenger car. Photo by the authors.
2016

were designed for local transportation purposes of
cargo delivery to ports or from ports to industrial
plants, intrafactory transportation and delivery of
materials to construction sites. There was practically
no passenger transport on the rail tracks.

Only after Liverpool-Manchester railway (1830)
and Great Western Railway (1838) were built, and ti-
tans of engineering and building such as George Ste-
phenson (1781-1848) and Isambard Kingdom Brunel
(1806-1859) and some other figures entered the field
of railway transport, a wide circle of businessmen,
representatives of government structures and then so-
ciety as a whole, saw opportunities and prospects of
new type of transport — the railway. The leading fig-
ures of the transport industry and industry began to

realise the consequences of disorderly development of Fig. 9. CSMT. Museum of Indian Railways. Model of an Indian
railways. First of all, this concerned the main and at railway steam locomotive from the late 19th century.
that time defining parameter for the possibility of unit- Photo by the authors. 2016
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social circles, with adherents of one and the other
emerging amongst different sections of society, profes-
sions, journalists, politicians.

From the two different approaches to railway con-
struction, it is possible to identify those who advo-
cate “narrow gauge” — any gauge narrower than 4ft
8 and 1/2 inches (1435 mm) — and those who advocate
“broad gauge” — broader than 1435 mm. The expo-
nent of the technical and economic ideas of the for-
mer was the great engineer and entrepreneur George
Stephenson®. The second line was represented by the
equally great and successful engineer and entrepre-
neur Isambard Kingdom Brunel, who built the Great
Western Road with a track gauge of 7 feet and 1/4 inch
(2140 mm)°.

Broad gauge advocates argued that they could de-
liver higher speeds, more comfortable travel condi-
tions for passengers, greater capacity through larger
rolling stock and, most importantly, that they were
safer and more reliable.

The narrow-gauge advocates assured other people
that they could provide almost the same high speed
and carrying capacity on their railways, and, with figu-
res in their hands, proved considerable savings in the
construction of 1435 mm gauge railways and their rol-
ling stock as compared with broad gauge.

In the early years of the Great Western Railway’s
operation its trains reached higher speeds than the Ste-
phenson gauge, but by the end of the 1840s the speeds
were virtually identical.

Fig. 10. CSMT. Memorial to the tragic events of 26 November
2008, Mumbai. Photo by the authors. 2016

ing the railways into a single national network — the
width of the gauge®.

In the late 1830s and early 1840s a social-econo-
mic phenomenon called British Railway Mania of the
1840s” broke out in Britain — the Battle of the Gauges
or Gauge Wars. Among engineers, builders, railway
workers and businessmen, two principled approaches
to further railway construction emerged. The ideas of
these engineering approaches also spread to broader

By this time, more than two dozen gauge sizes were
in operation in the UK, ranging from 600 mm° and up
to 2140 mm on the Great Western Railway!! (Fig. 11).

In the 1840s, a paradoxical situation developed in
Britain: as the length of railways in the kingdom in-
creased, it became increasingly inconvenient for pas-
sengers and shippers. At the junctions of different rail
gauges, there are obstacles to travel, to transport goods
in direct services, and to ensure “Seamless Traffic”.

SNowadays, apart from this technical parameter, other parameters are important which determine the possibility to combine
different railways for a single operation, besides the dimensions of the rolling stock and the proximity of the structures, such
as the electrical supply system on electrified railways, the characteristics of fixed and train devices of railway automation,
telemechanics and several others, but at that time the gauge was the most important.

7Railway mania — “financial pyramid schemes”, “financial bubbles” in the stock market of the United Kingdom of Great Britain
and Northern Ireland in the 1840s, associated with the construction of new railways. As the share price of the railway companies
increased, speculators invested more money in them, which further increased the share price until the share price collapsed.
The mania reached its peak in 1846, when 263 parliamentary acts were passed to create railway companies.

8The 4ft 8in1/2inch (1435 mm) track, which later became standard in many countries, was suggested by George Stephenson. It
is often referred to as the “Stephenson gauge”.

° Originally 7ft (2134 mm), later widened to 7ft and 1/4 in (2140 mm). In 1854, after merging with several other railways, the
Great Western Railway was “re-stitched” to what had by this time become the standard gauge of 1435 mm.

1°The Wells and Walsingham Light Railway in Norfolk England has the world’s narrowest gauge of 10 and 1/4 inches (260 mm)
of public railways in continuous commercial operation (established by an Act of Parliament in the UK) at 6.4 km.

1 The broadest track gauge in the world is that of the currently active toothed track of the Krasnoyarsk Hydroelectric Power
Station ship-lift in Russia — 9000 mm (29 ft 6 in + 5/16 in). A number of sources indicate the use of 8 ft (2439 mm) broad track in
the early twentieth century on a timber road in Oregon, USA, but conclusive evidence has not yet been found.
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Fig. 11. Examples of different track gauges common on the world’s railways. The narrowest and broadest gauge in regular
commercial use are shown. Bold coloured lines indicate gauge types used in India. The rail profile is shown conventionally
and does not refer to the types of specific gauge. Reconstruction by the authors from open sources. 2023

The “Gauge War” involves railway professionals, busi-
ness people, the press, politicians, and, increasingly,
the general public — passengers and shippers — who
experience the problems of operating stations at the
junctions of different gauge railways. Newspapers have
published cartoons on these subjects [6] (Fig. 12).

Queen Victoria was definitely not amused. Whene-
ver she travelled from her estate on the Isle of Wight
to her castle at Balmoral, she encountered the inconve-
nience of twice changing trains, once at Basingstoke
and again at Gloucester. She had no choice: even royal-
ty was obliged to mind the gap between railway tracks
of different gauges [6].

The situation at the transfer stations threatened
passengers every day with complete chaos, delayed
trains, lost luggage [6] (Fig. 13).

However, neither Stephenson’s supporters nor
Brunel’s supporters gave up. The construction of rail-
ways with different gauges continued in Britain. Dif-
ferent ways of solving the problem were proposed:
using auxiliary rolling stock to carry wagons on a
different gauge — Rollbock and Transporter wagon,
which gained some popularity, construction of tracks
with dual gauge — three or four rails (dual gauge), at-
tempts to create rolling stock, which could switch from
one gauge to another (variable gauge system). In 1845,
I. Brunel suggested to carry goods in big boxes — con-
tainer. The system, later called containerization, made
it easier to move goods from one wagon to another.

TRANSPORT ECOSYSTEM: SOCIETY, STATE, AND GLOBAL CHALLENGES

None of these proposals fundamentally solved the
problem of fragmented railways.

In 1845, a Royal Commission was set up to study the
question of gauge and make recommendations. After
numerous surveys, technical and economic compari-
sons, and expert hearings, including George Stephen-
son and Isambard Kingdom Brunel, the Commission
prepared the Railway Regulation (Gauge) Act 1846,

THE BROAD GAUGE AND THE NARROYW GAUGE.

Fig. 12. A caricature in the spirit of today’s Thomas the steam
locomotive. The meeting of locomotives of different track
gauges clearly shows: the designers of broad-gauge railway
rolling stock had more scope for implementing their technical
ideas. Cartoon by Angus Reach, 1845 © Lordprice
Collection/Alamy
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Fig. 13. J.H. Townshend, Break of Gauge at Gloucester, 1846,
Illustrated London News, 6 June 1846

which was passed by the British Parliament and ap-
proved by Queen Victoria on 18 August 18462

The Act further required railways in Britain to be
built with gauges of 4 ft 8 and 1/2 inches (1435 mm),
and in Ireland 5 ft 3 inches (1600 mm). Importantly,
for the first time the Act defined “railway gauge” as
“the distance between the inner surfaces of two run-
ning rails”'2 In the UK, and elsewhere, some experts
have found it useful to refer to the gauge as the dis-
tance between the axes of the rail heads, leading to
confusion.

But the law did not prohibit the continued opera-
tion of the railways already built with different gauge,
nor did it permit the construction of new railways
with different gauge, provided that the project was ap-
proved by Parliament. In other words, the status quo
of “different gauge” railways was maintained for many
years. Proponents of broader or narrower gauge lob-
bied parliament for the decisions they wanted, and
construction continued on a variety of railways, inclu-
ding the broad-gauge Brunel line.

The Great Western Railway was “converted” to the
Stephenson gauge, later to be called the standard-gauge
railway, a more or less complete unification of the Bri-
tish railway network with a single gauge of 1435 mm
only occurred in 1892 (track gauge conversion).

Railways in India were built with different gauges
depending on decisions of particular entrepreneurs
and design engineers, often with immediate interests
of businessmen clashing with regional or national
ones. The battle of the gauge in all its negative mani-
festations is unfolding in India.

Vladislav B. Zakharov, Egor Komarov
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In India, the gauge used was 2 ft (610 mm); 2 ft and 6
in (700 mm); the standard gauge was 2 ft, 8 in and 1/2
in (1435 mm); and the broad gauge was 5ft and 6 in
(1667 mm). There is conflicting information in pub-
lished sources about the gauge of the same railways.
Apart from gauge, the British builders of India’s first
railways, like all other countries, experimented with
track designs and other technical devices in an effort
to keep construction costs as low as possible. For exa-
mple, the Godavari Dam Construction Railway and a
number of other early railways used peculiar rails with
a wooden backing and iron strips to create a rolling
surface for the wheels. To do this, they would take a
6-7 inch (15-17 cm) diameter dulled teak logs 20 feet
(8.09 m) long and tap them to a narrow, flat surface,
onto which a 1/2 inch wide and 1/2 inch thick iron strip
would be screwed. The resulting “rail” was laid in the
track on wooden sleepers. The author of one note notes
that the cost of such rails was “negligible”s.

All kinds of experiments aimed at reducing capital
investment in construction, reducing the cost of con-
struction materials, while possibly using cheap labour,
have resulted in the creation of unique transport sys-
tems in India — single-rail (monorail) railways of the
so-called outrigger type, known as the Ewing System?4.
In the first decade of the twentieth century, more than
10 such railways were built in India with a total length
of about 500 km. One of them, Patiala State Monorail
Trainways (PSMT) with a total length of several lines of
about 80 km was constructed in 1907 in the city area
and operated until the mid-1920s.

On the railways of this system, only one metal
running rail (cast iron, iron or steel) was laid in the
track, on which the grooved (dual ridge) wheels of
the rolling stock were supported. To maintain equi-
librium, the rolling units were equipped with a kind
of outriggers with wide steel wheels, which rolled on
a compacted earth track, laid parallel to the rail. The
wheels on the rail carried about 70-80 % of the load
of the locomotive or wagon, the rest being carried by
the outrigger.

The single-rail track reduced the need for metal for
the track by half. The cheap labour of local diggers kept
the compacted dirt track for the outrigger wheels in
good condition, and in some cases this track was paved
with stone within stations.

A small section of Patiala State Monorail Trainways
is now reproduced in the National Rail Museum, New
Delhi (Fig. 14). It features a dismantling of the pre-

12 An Act for regulating the Gauge of Railways. 18th August 1846. URL: https://www.irishstatutebook.ie/eli/1846/act/57/section/1/

enacted/en/html

13Godavari Dam Construction Railway. URL: https://wiki.fibis.org/w/Godavari_Dam_Construction_Railway
4In 1895 the English entrepreneur W.J. Ewing, working in Bengal, India, patented the monorail system proposed by William

Thorold of Norwich in England in 1868.
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Fig. 14. Patiala State Monorail Trainways National Rail Museum,
New Delhi®®

served original monorail rolling stock, including a
unique steam locomotive?.

ESTABLISHMENT OF COMMON RAILWAYS
IN INDIA

Today, India’s railways are the fourth longest in
the world (67.900 km) after the USA (148.7)', China
(109.7) and Russia (85.5)'¢, India, meanwhile, ope-
rates the largest railway network in the world on the
broadest gauge currently in operation — 5 feet and
6 inches (1.676 mm) (see table). This gauge was first
used in Scotland on two small railways built in the
1830s. This was a time of many experiments in railway
construction in the context of the “Battle of Gauges”.
The builders of the first Scottish railway chose a gauge
of 1676 mm, probably out of a desire to be in the “gol-
den mean” between Stephenson’s standard 1435 mm
gauge and Brunel’s extra broad 2140 mm gauge?®.

In India in the 1830s and 1840s, echoes of the battle
of the gauge battles that were taking place in the me-
tropolis reached the country. In response to a variety of
sentiments, entrepreneurs, engineers and local coloni-
al authorities opted for a Scottish gauge of 1676 mm for

Vladislav B. Zakharov, Egor Komarov
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the first main line railway in India. Railway builders in
several other countries of the region — Pakistan, East
Pakistan (Bangladesh), Nepal, Sri Lanka, the island of
Ceylon®.

In the metropolitan area, not much time had passed
since the Gauge Act was passed in 1846 and, as shown
above, there was in fact still considerable confusion
about how to determine the optimum gauge in practice.
Similar processes have taken place in other countries.
In the North American United States (USA), no fewer
than a dozen different gauge sizes were being built,
with the Stephenson gauge of 1435 mm and the five-
foot gauge of 1524 mm dominating. Russia, a future
great railway power, experimented with a broad gauge
of 6 feet on its first public railway, the Tsarskoselskaya.
The American five-foot gauge (1524 mm) was adopted
when the construction of the main line between Saint
Petersburg and Moscow was decided, and later be-
came the standard gauge in Russia, later to be called
the Russian gauge.

With the establishment of the Great Indian Peninsu-
la Railway in India in 1849, it was decided that the Indi-
an railway network would develop with a track gauge
of 1676 mm. Many historical publications have pointed
out that the choice of a broader track (1435 mm) in In-
dia was based on the belief of many experts at the time
that a broader track would be more resistant to pos-
sible damage under the harsh conditions of the Indian
peninsula, especially the long monsoon rains and the
hot climate.

Despite the decision to build 1676 mm broad gauge
mainline railways in India, numerous metre gauge rail-
ways and smaller gauges — 762 mm and 610 mm —
were constructed throughout the 19th century and
early 20th century? [7]. Entrepreneurs tried in every
way to reduce the cost of building railways. At the same
time, even the construction of one-metre gauge rail-
ways seemed to many of them to be too expensive. As
has already been noted, often projects to build narrow-
gauge railways, for which powerful lobbyists had per-

15Delhi: India’s oldest monorail comes back to life, to chug every Thursday. URL: https://www.hindustantimes.com/delhi-news/
delhi-india-s-oldest-monorail-comes-back-to-life-to-chug-every-thursday/story-pRQRDdKcFDCaLXP8uhY8DO.html
sInternational Union of Railways data, which we consider to be the most trustworthy / Railway Statistics Synopsis 2022 edition.
Paris: UIC, 2022. URL: https://uic.org/IMG/pdf/uic-railway-statistics-synopsis-2022.pdf

170S and Chinese railways use a standard gauge of 1,435 mm for almost their entire length, while the Russian Federation’s
railways use a gauge of 1,520 mm, established in the 1970s.

18 Today it is difficult to establish the true reasons why the Dundee and Arbroath Railway (1836-1947) and the Arbroath and
Forfar Railway were built with a gauge of 1667 mm. Subsequently they were “converted” to a standard gauge of 1435 mm.

¥ The 1676 mm gauge is currently used in Argentina, Chile, on the Bay Area Rapid Transit (BART) urban passenger rail line
in San Francisco. In the past, railways with this track gauge, further “converted” to a standard of 1435 mm, were operated in
Canada and the USA.

20The 1000 mm broad track was first used in Belgium and France and in cities in Germany and other European countries.
Subsequently, in most European countries it was “re-stitched” to a standard gauge. However, the one-metre gauge has survived
and is in use in many countries in Africa and Asia. According to various estimates, the length of railways with such track in the
world is about 80 thousand km, it is also used as a tramway in more than 50 cities around the world.
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Table

Operational length of railways in India

Track gauge, mm

Years

- operatlonal length km, 2 — percentage of the operatlonal length of the network

Total operational
length

1956-1957[8] 25842 24 654 449

2022 65093 95.7 1655 25

3886

54959
Narrow gauge 762 + 610 mm 68 193
1 P According to UIC -
67 956
1294 191

* India Brand Equity Foundation (IBEF). URL: https://www.ibef.org/industry/railways-presentation

suaded both the local authorities and London to grant
permission, conflicted with the transport needs of the
country. By the end of the 19th century India’s railway
network, like Britain before it, had numerous junc-
tions where goods and passengers had to be reloaded
and interchanged. The Indian railway network at the
beginning of the twentieth century was a patchwork
of different gauges: broad (1676 mm), one-meter and
narrow gauges, with numerous junctions and transfer
platforms.

MODERNISING INDIA'S RAILWAYS
WITH INDEPENDENCE

Great Britain had left India with a dire railway le-
gacy of a network of backward infrastructure and scat-
tered sections of railways of various gauges. While the
metropolis had a unified network of standard gauge
mainlines by the early 1890s, the situation in India at
the time of India’s independence in 1947 was dire in
terms of nationwide operations. The length of India’s
railways by the 1950s was about 55.000 km [8], placing
it seventh in the world after the USA (350.000 km)?*,
USSR (120), France (40.9), Great Britain (30.60), and
Germany (30.5) [8]. Technical armament of Indian rail-
ways was one of the lowest in the world for a network
of such length, in the vast expanses of India railway
stations of different gauges were comparable with ra-
pids on navigable rivers. Of the 54,500 km operational
length, 47 % had 1667 mm broad track gauge; 44 % had
meter track gauge and about 9 % had narrow gauge
(762 mm and 610 mm gauge railways)** [8].

For several decades in the second half of the twen-
tieth century, the process of interconnecting India’s
network on the basis of 1676 mm broad gauge rail-
ways, important for improving railway operations,
developed very slowly. Both the country’s leadership
and the railway community were well aware of the
need for it. However, the stated objective required
enormous expenditures at the national scale for re-
construction, and sometimes practically new con-
struction of railways when they were converted from
the narrow gauge to the standard broad gauge ac-
cepted in the country. In many cases it was a question
of constructing a new earthwork, artificial structures,
laying new track structure and replacing rolling stock
compatible with a broad track gauge of 1676 mm. This
landmark reconstruction required political will and a
unified approach at various levels of government, as
well as unity in dealing with the many tasks of various
social groups, associations of businessmen, industria-
lists, builders.

Ten years after independence, the task of creating a
single “seamless” railway network was far from being
achieved. Within a decade, many new metre gauge rail-
ways had been built and some of the narrower gauge
roads had been reconstructed to metre gauge.

The revolutionary decision to carry out systematic
work to unify the Indian railway network on the basis
of converting (“re-building”) railways with a gauge of
already 1676 mm (meter gauge, 762 mm and 610 mm)
into 1676 mm gauge mainlines was taken on April 1,
1992 by a program called Unigauge? [7], A timetable
was approved for the transformation of individual rail-
way lines, railway sections and railway junctions into

“The maximum operational length of the US railways reached 409,100 km in 1916, after which they steadily declined.
22Figures published in 2023 by the Ministry of Railways of India differ slightly from the above, but within 1-2 percent (Project
Unigauge. URL: https://en.wikipedia.org/wiki/Project_Unigauge; What is project Unigauge. URL: https://www.railnewscenter.

com/what-is-project-unigauge/railway-employee/

'What is project Unigauge. URL: https://www.railnewscenter.com/what-is-project-unigauge/railway-employee/
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a unified network of 1676 mm gauge. Several narrow-
gauge railways are to be eliminated and their freight
and passenger flows transferred to the new broad-
gauge lines.

The progress of the Unigauge programme to date
is significant. In 2022, the operational length of the
broad-gauge railway network in India was 65.094 km
or 95.7 % of its total length.

Under the Unigauge programme, a specific list
of metre and narrower gauge railways with a total
length of about 500 km has been drawn up and ap-
proved as a national historical and cultural heritage
as well as a UNESCO World Heritage Site in India.
They and the rolling stock for them, as well as railway
buildings of various industrial uses and railway sta-
tions, are not subject to alterations and conversions
and are preserved and maintained in their historical
form.

CONCLUSION

Railway transport in India, from the construction
of the first railways in the 1830s until the country’s
independence in 1947, developed as part of the colo-
nial policy of the metropolis to enslave the country
and plunder its national wealth. The British colonisers
did this in the cheapest way possible, without creating

Vladislav B. Zakharov, Egor Komarov

Railways of India. An important stage of modernization is completed —
unification of track width

high-tech national enterprises and without taking into
account the interests of the colonial territories.

In the development of rail transport in India, this
was evident in the construction of railways by the co-
lonial authorities in the cheapest way possible, almost
universally to the detriment of national interests, wi-
thout any aspiration to create a unified railway net-
work, with the 1676 mm broad gauge adopted as stand-
ard in the country.

The result of this policy was the formation of a
fragmented agglomeration of railway lines by the mid-
20th century. In India, a fragmented agglomeration of
railway lines and local sections of railways of different
gauges with numerous junctions and reloading sta-
tions, which hindered freight and passenger transpor-
tation at a significant cost of transport operations.

Only after national independence did the moderni-
sation of the railways begin. Preparatory work was
carried out over several decades, and the national
Unigauge programme, adopted in 1992, brought the
first phase of rail modernisation closer to comple-
tion. Today, more than 95% of the total length of In-
dia’s railways is a unified gauge system with a gauge
of 1667 mm.

This opens broad prospects for a technological re-
newal of all railways, based on the completion of elec-
trification, the unfolding construction of high-speed
railways and the digitalisation of rail transport.
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AH HOTA M TpaHcnopT SBASIETCS KPYMHBIM BOAOMNOTPEGUTENEM U MCTOYHMKOM 3arpsisHEHUSI OKPYXKAIOLLEN Cpefibl, BK/HO-
I_L yasi BOLHble pecypcbl. [1nsi COXpaHEeHUS U yNyULIEHWS KAYeCTBa BOAbI B BOAHbIX 06bEKTaX HA MPOMBILLIEH-

HbIX M TPAHCMOPTHbIX NPEANPUATUAX, B TOM YMCIE XKeNe3HOA0POXKHbIX, HE0OX0AMMO MPOBOAMTL BOLOOXPaHHbIE MEPOMPUATUS,

KOTOpble TPeOYHT MOCTOSIHHOTO 3HAYUTENbHOTO PUHAHCUPOBAHMSI.

Llenb nccnepgoBaHus — paspaboTka METOAMKM ONpeneneHust 3aBUCMMOCTM KayecTBa BOAbl BOAHOIMO 06beKTa OT peanbHOro
(DMHaAHCMPOBaHMS BOAOOXPAHHbIX MEPONPUSTHIA; TEOpEeTUUYECKoe 060CHOBaHUE BbIGOpa COCTOSAHMS KauecTBa BOAbl BOLHOMO 00b-
€KTa OT KayecTBa CTouHbIX Bog (CB) Bogononb3oBatenei, cbpacbiBaloLLMX UX B BOAHbIA 0OBLEKT, M OT 06beMa BUHAHCMPOBAHUS
BOJOOXPaHHbIX MEPOMNPUATUIA.

MpennoxeHo pelleHne 3a8a4m onpeneneHns Haunyylwero Ka4ecTBa BOAbl B BOLHOM 06bekTe Npu orpaHM4YeHHOM obbemMe
(DUHAHCMPOBAHMS BOAOOXPAHHBIX MEPONPUATUIA M PALMOHANIBHOM pacnpeLeneHnn GUHAHCOBbIX CPELCTB MEXAY BOAOMOb30Ba-
TensiMu, B TOM 4ucie 06bekTaMu TPaHCNOPTHOM MHDPACTPYKTYPbI.

(DrHaHCMpOBaHME BOJOOXPaHHbIX MeponpusaTuii B Poccumn MeHblue, yeM 3a pybexoM, 3a nocneaHue Tpu AecsaTUNeTUs OHO
cHuxaetcs. [MpeaenbHblie HOPMbl KOHLEHTPaLmMi 3arpsasHsowmx BewecTs (3B) B CB npu cbpoce nx B BogHble 06bEKTbI U B CUCTe-
Mbl BOL,0OTBEAEHUS B POCCHM 4acTo yCTaHABNIMBAOTCS OUYEHb XXECTKUE, UHOTAA Boee XeCTKMe, YeM K MUTLEBOM BOLE, YTO BELET K
HeornpaBaaHHOMY PAacX0L0BaHUI0 MHBECTULMOHHbIX 3aTpaT.

YKa3aHo, 4To B HacTosLlee BpeMs B Poccumn He chopMMPOBaNUCh PbIHOYHbIE OTHOLWEHMS B 061aCTM NPUPOAO- U, B YaCTHOCTH,
BOA0M0/1b30BaHUs. O603HauYeHbl OCHOBHbIE TPYAHOCTU NPU peanu3aLmm 3TUX OTHOLIEHWIA B HALLEN CTpaHe.

Mpu Ucnonb3oBaHUM NPEANOXKEHHO METOLMKM ONpPELENsETCs paLMoHanbHoe kavectBo CB Bogononb3oBateneil No IMMUTUPY-
toweMy 3B 1 paumnoHanbHoe pacnpeneneHme GUHAHCOBbIX CPECTB HA BOAOOXPaHHbIE MEPONPUSATHUS MEXAY BOLOMO/Ib30BATENSMU
B Mpefenax OrpaHUYEHHOM CyMMbl GUHAHCMPOBAHMS. YCTAaHABIMBAETCS TaKXKE, HACKObKO M3MEHSETCS KAYeCTBO BOAbI B BOAHOM

obbekTe. PaCCMOTPEHa BO3MOXXHOCTb MPaKTUYECKOro NpuMeHEHNA I'Ipe,D.ﬂO)KEHHOH METOAUKMU.

KJIO4EBDIE C/10B

, (MHaHCMpOBaHME BOLOOXPAHHbIX MEPOMNPUSATUI; KAYeCTBO BOAbI; BOLHbIN 0ObEKT; BOLOMNO/b-
+ 30BaTeslb; 06bEKTbI TPAHCMOPTHON MHGPACTPYKTYPbI; MHAEKC YUCTOTbI BOAbI; KOHLLEHTpaLus

3arpssHeHNUI; MHAEKC 3Konornyeckon 3pGeKTUBHOCTU; NpeaenbHO A0NYCTUMbIN cOpoc

[na unutupoeauua: YepHukos H.A., Teapdosckas H.B., Oxpemernko M.M. BnusHue GUHaHCMpPOBaAHUS BOLOOXPAHHbIX Mepo-
npuatuii B cdepe TpaHCMoOpTa Ha Ka4yecTBO BOAbI BOAHbIX 06bekToB // TpaHcnopt BPUKC. 2023.T. 2. Buin. 2. Cr. 2. https://doi.

org/10.46684/2023.2.2.

INTRODUCTION

Transport, like industry and energy, is a major wa-
ter consumer and source of environmental pollution,
including water resources [1].

In the XIX — beginning of the XX century, water
supply facilities were crucial for the organization and
successful operation of the transportation process un-
der steam traction. In the subsequent period, with the
transition of railway transport to other types of trac-
tion, water continues to be used for domestic, industrial
purposes, large volumes of water are consumed when
washing rolling stock, containers (including tanks of
cisterns that carry various liquids), as well as at fire-
fighting facilities of transport infrastructure. At the
moment, issues related to drainage and treatment of
wastewater (WW), rational use and protection of water
resources are of paramount importance for rail trans-
port facilities, as well as for other industrial sectors.

In order to preserve and improve water quality in
water bodies at industrial and transport enterprises,
including railway enterprises, water protection mea-

sures need to be implemented, which require constant
and significant funding. In the Transport Strategy of
the Russian Federation to 2030 with a forecast for the
period up to 2035%, Federal Law No. 416-FZ “On Wa-
ter Supply and Sanitation”?, other existing documents
usually do not provide economic justification for strict
regulatory requirements on the discharge of waste
water into water bodies. As a result, practically all wa-
ter users become hostages to the current situation, as
there are insufficient financial resources to meet the
required standards.

Relative investment in environmental protection
(EP) in Russia is significantly lower than in some other
countries (see Table).

From 1990s till present, the situation with regard to
water protection measures in the Russian Federation
has deteriorated (Fig. 1). From 1992 to 2020, according
to the Russian Statistical Yearbook 2022 [1], indicators
such as the relative investments in fixed capital aimed
at protecting water resources, the commissioning
of sewage treatment plants and the implementation
of water recycling systems are decreasing.

!Transport Strategy of the Russian Federation until 2030 with a forecast for the period until 2035 (approved by the Decree of the
Government of the Russian Federation dated 27.11.2021 No0.3363-1).
2Federal Law No. 416-FZ dated 07.12.2011 on Water Supply and Sanitation. Moscow, ConsultantPlus, 78 p.
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Table

Environmental protection costs [2]

6P, | g o | Temitory | TR

Country | cpp ?nb%'f;‘ $ billion “‘°k‘::";'“d thousand
$/km?
Russia 0.9 3807 343 17125 2.00
France 10 2983 298 552 540
Gemmany 07 4377 306 358 85.6
UK 07 32 12 M 874
japan 13 5194 675 378 179

Despite the lack of funding for water protection
measures, the maximum permissible concentrations
(MPC) of pollutants in wastewater, including from
transport infrastructure, when discharged into waste-

of water bodies

water disposal systems and water bodies in Russia are
often set very high, sometimes more stringent than for
drinking water (Fig. 2), which leads to unjustified in-
vestment costs.

RESULTS OF THE STUDY

At present, the Russian Federation has not yet es-
tablished market relations in the field of nature and,
in particular, water use. There are a number of diffi-
culties in the implementation of these relations in our
country, the main ones being:

e there is no legal basis for regulating such relation-
ships;

e financing opportunities for water protection meas-
ures, as a rule, do not allow achieving the required
values of maximum permissible discharges (MPD)
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of pollutants in the required time; this obliges either
to significantly increase financing of environmen-
tal protection measures to the detriment of other
economic activities, or to reduce requirements to
the quality of waste water discharged into water
bodies in accordance with our capabilities. Over
the last decade, new less stringent requirements
for permissible pollutant discharges have been es-
tablished abroad in comparison with previously ex-
isting ones, taking into account real possibilities of
financing. These actions made it possible to imple-
ment market mechanisms in environmental protec-
tion activities to the full extent;

e there is no substantiated methodology for deter-
mining permissible pollutant discharges into ur-
ban wastewater networks, depending on MPC of
pollutants discharged into water bodies, which of-
ten leads to a paradoxical situation: in many cases,
the requirements for wastewater discharged by
water users into urban wastewater networks are
stricter®#, than MPC of pollutants in water bodies
or drinking water indicators (SanPiN°® and WHO
recommendations);

e there is no methodology for changing the quality
of water in a water body depending on the amount
of investment in water protection measures in the
basin of the water body.

Let us consider the latter circumstance in more detail.
Suppose that for a group of water users of one wa-
ter basin it is necessary to choose a rational way of fi-
nancial allocation and at the same time to obtain the
highest possible water quality of a water body, which
under a certain background pollution depends on WW

quality of water users [3].

Fig. 3 shows a graphical interpretation of the solu-
tion to the problem.

A general criterion for water quality of a water
body can be the water purity index I, [4], which for the
i-th pollutant is determined by the formula

. )

where MPC, and C, — respectively the maximum per-
missible concentration and the actual concentration of
the j-th pollutant.

Water users aim to find the maximum function
I (I), where I, —WW purity index of the i-th water user.

Nikolay A. Chernikov, Nadezhda V. Tvardovskaya, Irina M. Okhremenko

Influence of financing water protection measures in the field of transport on water quality

of water bodies

Scope
of market
mechanisms
l1g F---q===-=

I i —_— \
B TN ~

N

b l2,0 l2'1 K/P2 l2‘2 l2
Wastewater quality of the 2nd water user

KIP, \

I

Wastewater quality of the 1st water user

Fig. 3. Graphical interpretation of the solution to the water
quality condition selection problem for two water users:

1 — function level curve / = f(/,, 1) = const; 2 — new function
level curve / = fil,, I,) = const, with increased funding opportu-
nities; 3 — the old line of budgetary restraint P, * [, + P, |, = K;

4 — a new line of budgetary constraint while maintaining the

price ratio of /, and /,; 5 — a new line of budgetary constraint

when the price ratio changes /, and /,

Since water users are often limited in funds, they can
spend part of this money in order to invest it in im-
proving WW quality of one water user, and another
part in improving the WW quality of another water
user, etc. Suppose also that P, — the price of improving
the “quality unit” of WW of the i-th water user.

In general terms, the challenge facing water users
in a water basin can be formulated as follows

1) - max; 2)
S(P 1) <K; 3)
I>0. 4

In order to visualise the condition of the problem,
let us assume that the water quality of a water body
needs to be selected for two water users. Let us denote
WW quality of one water user I, that of the second
one —I,. P, should be paid for the improvement of the
first water user’s WW (i.e. P, — the price of a “qua-
lity improvement unit” of WW of the first water user,
and for the improvement of the second water user’s

3Bezpamyatnov G.P,, Krotov Yu.A. Maximum permissible concentrations of chemical substances in the environment: handbook.

Leningrad, Chemistry, 1985;528. (In Russ.).

4 Guidelines for drinking water quality control. Volume 1. Recommendations. Geneva, World Health Organisation (WHO),

1986;126.

5SanPiN 2.1.3684-21. Sanitary and epidemiological requirements for the maintenance of urban and rural settlements, water
bodies, drinking water and potable water supply, atmospheric air, soils, living quarters, operation of industrial and public
buildings, organization and conduct of sanitary and anti-epidemic (preventive) measures. Moscow, 2021;66. (In Russ.).
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WW, P, should be paid. In this case, the task can be
expressed as follows

Ip(Il, 1) - max;
P I +P,-I <K,
I,>0; I,>0.

Let’s assume that I,  and I, , — is an optimal solu-
tion of problem (2)-(4), the constant a defines the mini-
mum permissible level of WW of the first water user
(MPD,), which depends on MPC of pollutants in water
of the water body; the constant b defines the minimum
permissible level of WW of the second water user. The
I, functions in this case can be calculated as follows

I, =f(aDb,P,P,K); (5)
I,=faDb,P,P,K). ®6)

The constants a and b set the lower limits for the
quality of the WW of water users (MPD, and MPD,).

Demand for WW quality of water users and, con-
sequently, water bodies is functionally related to the
prices for WW quality improvement of each water user
and the financial possibilities of each water user.

Function level line I, = il,, I) indicates all points
I, and I, for which the following equation is fulfilled
I,=fU,,1,) = const (i.e. the value of the criterion is the
same for these points). If we take another point, for
example I, = f7, , 1, ), lying on this curve, the value of
the criterion will not change, i.e.I =i, ,1,,) = fU, ., 1, ),
However, it will cost more to ensure I, , I, for water
users.

A change in K value results in a parallel shift of
the budget constraint line. A change in the price ra-
tio changes the slope of the budget constraint line
(see Fig. 3).

This problem has a solution only if P, -a + P,- b <K,
i.e. in the first place, it is necessary to ensure WW qua-
lity at the minimum permissible level, and then to
spend the remaining funds for additional water qua-
lity improvement. If the financial resources of natural
resource users K exceed the minimum allowable value,
the remaining part is divided according to the type of
dependence (2): I, = fU,, I,). If water users have only
had enough to ensure that the quality of WW is at a
minimum acceptable level, i.e. P,-a + P,* b = K, they
have no choice but to choose this particular set. The
cost ratios of ensuring quality of WW of the water us-
ers, which determine the slope of lines 4 and 5, have no
influence on this choice.

The water quality choice area of a water body,
which depends on the quality of WW of water users,
can be divided into three zones (see Fig. 3):

e quality of WW of water users above the maximum
permissible values MPD, (lines a and b) — the scope
of market mechanisms;

Nikolay A. Chernikov, Nadezhda V. Tvardovskaya, Irina M. Okhremenko
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of water bodies

e quality of WW of water users is equal to the maxi-
mum permissible values (lines a and b) — lines of
administrative regulation;

e quality of WW of water users cannot be ensured for
one reason or another (e.g. financing conditions) —
an area of uncertainty.

The peculiarity of the current state of water use
in Russia is that the allocated amount of funds K, as
a rule, is insufficient even to ensure the quality of dis-
charged to water bodies at the minimum acceptable
level, i.e. the necessary condition of the market mecha-
nism according to the formula (3) is not met, there is no
possibility to maneuver financial resources.

In order to meet the current MPC standards for pol-
lutants in wastewater discharged into water bodies in
our country, it is necessary to increase significantly
funding for water protection measures.

It should be borne in mind that these costs are mini-
mal and sufficient only to meet the regulatory require-
ments for the quality of waste water discharged into
water bodies. For normal functioning of water protec-
tion relations under market economy conditions (pro-
viding some freedom of choice), they should be several
times higher.

At present, Waste water quality of the majority of
water users in the Russian Federation (and, according-
ly, of water bodies) can be conditionally characterized
by the position of point G in Fig. 3.

In this regard, the view of some experts that a sys-
tem of penalties can be progressive in our conditions in
the field of drainage and protection of water resources
is untenable. It can be so only if it serves as an incen-
tive to introduce new technologies, if the natural re-
source user has a choice: to improve production or pay
a fine. At present, water users have no such alternative.

CONCLUSION

Relative financing of water protection meas-
ures in the Russian Federation is considerably lower
than in foreign countries, and has been declining in
our country over the past three decades.

The limits for concentrations of pollutants in WwW
when discharged into water bodies and water disposal
systems in Russia without economic justification are
often set very strict, sometimes more stringent than for
drinking water, which leads to unjustified expenditure
of investment costs.

The authors propose a methodology for determin-
ing the dependence of water quality of a water body
on the actual financing of water protection measures.

Consideration is given to the practical application of
the proposed methodology.
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ABSTRAC On the basis of recent research, a review has been carried out on the experimental determination of the

mechanical parameters of the materials used as ballast material. Considerable attention is given to the well-
founded selection of input data for the calculation, i.e. quantitative characteristics of the elastic properties of the materials used
to form the ballast layer, which is treated as a continuous medium. It appears that this approach makes it possible to assess
correctly the influence of grain (grain size distribution) distribution, ballast layer thickness and material type on the stability of a
railway track to vertical and horizontal disturbances. The data of this review show that material properties and particle size have
a significant impact on elastic moduli and in finite-element modelling of static strength problems, grain-size distribution and
material properties are only taken into account through these moduli. Experimental results show a non-linear dependence of
the elastic moduli on the stress behaviour of the ballast prism, which is related to a densification of the medium in compression.
However, it is established that, after a sufficiently large number of loading cycles, the medium can be treated as linearly elastic.
In general, the results of the research allow establishing requirements for damping, geometric and granulometric parameters
of the ballast prism.

KEYWO RDS. ballast layer; ballast materials; grain size distribution; compression; linear-elastic medium

For citation: Smirnov V.1, Vidyushenkov S.A. On some mechanical characteristics of the ballast in assessing the stress-strain
behaviour of railway tracks. BRICS transport. 2023; 2(2):3. https://doi.org/10.46684/2023.2.3.

HayyHas cmames

O HeKoTOpbIX MexaHU4Yecknx xapakTepuctmkax bannacra npu oueHke
Hanps>kKeHHO-AePOPMUPOBAHHOIO COCTOSHUSA XKEeJIeE3HOLOPOXKHOI0 MYTH
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XaHWYeCKMX NapamMeTpoB MaTepuasnos, UCMOo/b3yeMblX B KayecTBe 6annactHoro Matepuana. [laHHble 3Toro
0630pa NOKa3bIBaT, YTO CBOMCTBA MCXOAHOIMO Matepuana v pasmMepbl YacTUL, OKa3blBAKOT BAUSHUE HA Ypyrue MOLYIU U Npu
KOHEYHO-3/1EMEHTHOM MOJLENMPOBAHUM CTaTUYECKMX 33434 rPaHYNOMETPUYECKMIA COCTaB U CBOMCTBA MaTepuana yuuTbiBakoTCs
NULWb Yepe3 MOAyNU. DKCNepUMeHTaNbHble pe3ybTaTbl MOKAa3bIBAOT HENIMHEWMHYI0 3aBUCMMOCTb MOAY/EN OT HaMNpsKeHHOro Co-
CTOSIHMSA, 4TO CBA3QHO C YNNIOTHEHWEM Cpefbl NpU oKaThu. OfHAKO YKa3biBAETCS, YTO NOC/E AOCTAaTOYHO BObLIOrO YMCA LMKIIOB
Harpy>XeH1s MOXHO CYMTaTb Cpesy IMHEMHO-YMpPYrou.

AH HOTALLM Ha ocHoBaHuMK 3apybexHbix nybnmkaumi nposeaeH 0630p No 3KCNEPUMEHTANbHOMY OMNpeneNieHnto Me-
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INTRODUCTION

The ballast layer, as an element of the track struc-
ture, significantly predetermines durability of the track
as a whole, serviceability of the subgrade and scope of
maintenance and repair works.

Existing semi-empirical path calculation methods
give a linear dependence of deformation (deflection)
on the speed of the vehicle in a fixed section. However,
experiments show that this dependence is valid only at
low speeds (up to 100-150 km/h). At higher speeds this
dependence becomes non-linear and gives a significant
divergence from theory.

The interaction of the track and rolling stock at dif-
ferent speeds is determined by force interaction be-
tween wheel and rail, in which a great role is played
by static and dynamic properties of the ballast prism.
In general, the calculation of this interaction is related
to the solution of a dynamic problem in elasticity the-
ory. In fact, one should consider the oscillation of an
elastic volume under the influence of external forceful
disturbances. Taking into account wave processes in
such systems as “vehicle-track” is a difficulty, which,
on the one hand, is related to the correct setting of
appropriate boundary conditions, on the other hand,
with a reasonable choice of physical and mechanical
properties of the ballast material, which are put in the
mechanical-mathematical model of the deformation of
the track.

MATERIALS AND METHODS

The ballast for the upper part of the track is a gran-
ular material designed to distribute the load applied
by the moving train evenly. The ballast consists of par-
ticle elements between 20 and 60 mm in size. Today
it is generally accepted that high quality ballast must
have well defined particles, high density, high shear
strength, high rigidity, high resistance to abrasion, une-
ven surface and minimum number of cracks and inclu-
sions [1-4]. Many properties of the ballast will change
under dynamic loading due to ballast discolouration,
deformation and contamination. Ballast contamina-
tion causes reduction in drainage capacity, hydraulic
erosion, reduced stability due to sliding particles, wear
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on the bottom of the track and track damage due to
increased water pressure (during rain) in the pores be-
tween the particles in the ballast.

This raises the need to improve drainage and
strength properties, which are in a sense contradictory.
It is first necessary to consider physical and mechani-
cal properties of the ballast and how to mechanically
and mathematically model the behaviour of the rail-
way track.

The simplest model of track is a sleeper as a bar
on an elastic base under the impact of a concentrated
load acting from the side of the wheel. The resilient
bed must take account of the stiffness of the sleepers,
ballast and track bottom (earth, etc.). The values for the
elasticity modulus of the rail support are derived from
the results of field tests of the track sections under op-
erating loads. It is defined as the specific force (acting
per unit of rail length) per unit of track deflection

ey 1)
:4[@ EI] ’ @

where P is acting load (force); & is deflection of the rail
under the point of load application; E is Young modulus
of rail steel; I is moment of inertia of rail cross-section.

More complex analytical track models represent
rails and sleepers as bars resting on a multi-layer base
that includes a ballast layer and soil. These models in-
clude computer programmes such as ILITRACK (1975),
MULTA (1978), GE-OTRACK (1980, 2000), KENTRACK
(1986), RAIL (2004). Finite element models have also
been developed based on one-, two- and three-dimen-
sional representations of track elements. In the last
fifteen years, calculation programmes based on com-
bined boundary and finite element methods have been
widely used [5-8].

There are two main problems associated with the
physical and mechanical properties of ballast:

e determination of maximum elastic deformations
and deflections caused by wheel loads;

e accumulation of plastic deformations as a result of
repeated characteristic loads.

The concept of elastic recovery modulus (unloa-
ding-loading modulus) Eur is used to describe the be-
haviour of the ballast under repetitive loading condi-
tions. The elastic recovery modulus is defined as the ra-
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tio of the deviator of repetitive stresses to the restored
part of the axial strain [9]. The most commonly used
expression for this modulus is

n
Eur = Kpr [03] > (2)
p

r

where K, n are material constants determined by tests;
p, is reference pressure; 3, is primary stress.

In [10], on the basis of in-situ experiments, the au-
thors state that the elastic recovery modulus of the bal-
last layer under given loading conditions is one of the
most important factors influencing the value of stress
deviation at the soil-ballast boundary. With a minimum
ballast layer thickness of 0.3 m, the stress-deviation
stresses are maximal at the end of the sleeper and min-
imal at the centre of the sleeper. An increase in ballast
thickness from 140 to 550 MPa results in a 35 % de-
crease in the stress-deviation stress at the ground near
the end of the sleeper.

It was also established that the elastic recovery
modulus has the greatest influence on the deflection
of sleepers under the wheels. GEOTRACK software was
used to determine the average deformation of the bal-
last in the vertical direction. The average deformation
was calculated as the ratio of the difference in displace-
ment of the upper and lower surfaces of the ballast to
the initial thickness of its layer. If E, _is reduced from
689 to 55 MPa, the deformation of the ballast is in-
creased by a factor of 9. Based on the results of these
studies, the modulus of elasticity of the base U (1) was
estimated to increase by 20 % with an increase of E,
within the specified limits.

In order to investigate the residual deformation in
ballast, three-axial compression tests must be carried
out on special stabilometers under repeated loading.
The tests carried out by many researchers in the last
30 years showed that there is a limit for the ratio of
stress deviator of cyclic failure to the value of stress
deviator of static failure

(Gl _GS)Cf

K. = ,
(03-03),

c

where c,, , are primary stresses.

If the cyclic stresses are less than K (¢, - ¢,),, the
residual strain of the ballast test piece converges to
a constant value for that material. The ballast test
piece then behaves as a quasi-elastic material. If the
above-mentioned limit is exceeded, the cyclic and
plastic strain is increased almost linearly from cycle
to cycle and the test piece fails within a short time
[11]. Different data are given in the literature regar-
ding the value. Thus, K, = 0.8 according to the results
obtained in [11] and K, = 0.6 according to the publica-
tion [12].
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Several expressions have been proposed for the es-
timation of permanent strain in ballast caused by re-
peated loading.

The Office of Research and Testing of the Interna-
tional Union of Railways (ORE of IUR) suggests using
the formula [13]

g, = 0.082(100n - 38.2)(c, — 5,)(1 + 0.210gN),  (3)

where ¢, is plastic strain after N cycles of loading; n is
initial porosity of the test piece; o, - o, is stress deviator.

In paper [14] it is suggested to determine ¢, as fol-
lows

g, = &,(1 + ClogN), 4)

where C is constant of the material, C = 0.2-0.4.

Equations (3) and (4) show that plastic strain in any
cycle g, can be calculated as a function of the number
of applied cycles N or of the plastic strain after the first
loading cycle ¢, irrespective of the state of stress and
degree of compaction of the test piece. The value ¢, can
be determined by the formula

81 = ga - sur’ (5)

where ¢ is axial strain from the stress deviator ¢, — c;
g, is recoverable deformation during unloading. Defor-
mation ¢ is determined from the ratio
(c1-o 3) / E;
(o1 —o3)(1-sing) R’
2(ccos g +o3sing)

€q4 =

(o, - Gs)f = R/(Gl =63 e

where E, is initial tangential elasticity modulus of the
ballast; ¢ is internal friction angle; Rf is the ultimate
fracture ratio, is always less than 1 and is largely in-
dependent of o,; ¢ is coupling; (o, - o,), is compressive
strength (fracture stress difference obtained in triaxial
tests); (o, — 6,),,, is asymptotic value of the stress devia-
tion derived from the test results.

The level of stresses in the ballast layer depends
not only on the magnitude of the applied loads but also
on the resistance to them from sleepers, fasteners and
ballast layer parameters. Numerous field experiments
have demonstrated that the speed of a train signifi-
cantly affects the magnitude of the stresses exerted in
the ballast. The maximum vertical dynamic stresses
in Hannover-Wurzburg line were measured [11].
When the speed of a train is increased from 150 km/h
to 300 km/h, the maximum vertical stresses were 70
and 100 kPa, respectively. The authors [11, 14] defined
the dynamic factor as the ratio of the dynamic stress
in the ballast to the static stress. Its value was equal to
1.7 when the speed changed from 150 to 300 km/h. It
has been reported that stresses on the sleeper-ballast
soil interface for heavy-load trains can reach a value of
450 kPa at a speed of 170 km/h [11].
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The horizontal stresses have been measured [15]
and are not as significant as the vertical stresses. The
maximum value is 90 kPa at a speed of 150 km/h and a
vertical load of 140 kN.

The value of the elastic modulus in the full com-
pression test can be obtained from the expression for
generalized Hooke’s law
oo, v o3

E= .
Og, Og,

(6)

where dc , d¢, is change in axial stress and strain re-
spectively; dc, is change of volumetric stress; v is Pois-
son ratio.

Since in full-compression tests there is no change
in the volumetric stress and the measurement data is
recorded at discrete points in time, formula (6) takes
the form of
— AG(I
T A

E (7)

a

Since soil and ballast do not behave linearly un-
der loading and unloading, several possible ways of
determining the modulus of elasticity of ballast can
be suggested. The following interpretations of “elastic
moduli” are currently known:

1. The initial tangential elastic modulus, defined as
the initial slope of the stress-strain curve [16].

2. The modulus of loading-unloading (recovery) is
defined as the ratio of the stress deviator of all-round
compression to the corresponding strain at the end of
the loading-unloading cycle [17]. This modulus was
originally used to evaluate the elastic behaviour of
soils under cyclic loading.

3. Secular modulus, defined as the ratio of half of
the maximum stress deviator to the corresponding
strain [18].

All of the above moduli can be determined by statis-
tical processing of the experimental data and are rep-
resented in the form of the formula

Elp, = K(o,/p)", 8)

where p, is the reference pressure, usually taken as
1 kPa. To find K and n from relation (8) we obtain

1g(E/p)) = 1gK + nlg(o./p,). ©)

The linear regression analysis is then applied to
the experimental data and the dependence of E/p, on
o./p, is plotted, from where the K and n coefficients
are found. The dependence of these values on bulk
stresses, particle size and ballast material can be in-
vestigated.

The values of elastic moduli for different materials
may have different dependencies on the particle size
of the ballast. It is possible to trace such dependencies
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for limestone, basalt and granite from research mate-
rial [19-21]. Due to limited and often inconsistent ex-
perimental data, further tests are required in order to
draw definitive conclusions. Ballast used in railways
consists of different particle sizes. GOSTs and national
regulations regulate the use of a particular type and
size of particles.

Granite ballast

In [20] data on tests of dry granite ballast particles
of two sizes as well as mixtures of these particles are
given:

a) fine particles (20 mm diameter) by volume as
much as the larger fraction (50 mm) and the fine parti-
cles were placed on top;

b) the fines placed on top have a volume equal to
1/3 of the volume of the coarse fraction;

c) the fines placed on top are 2/3 the volume of the
coarse fraction;

d) the fines placed on top were 1 and 2 layers.

The tests were carried out under cyclic loading
until 105 cycles were reached. From the test results,
the authors concluded that the values E , and E, for
all particle sizes increased as the volumetric stress
increased during the test. Particles with a small cross-
sectional area and lower porosity had higher modu-
lus value E, than larger particles. Modulus values E
are increased with increasing number of load cycles
for fine and coarse ballast. The same tendency was
observed for ballast types (a) to (d) above. The mod-
ulus values E,_for cases (a) to (c) were about 30 %
higher than for ballast of only coarse particles. The
values of E | for case (d) were roughly the same as for
ballast of only coarse particles at pressures of 40 and
90 kPa.

The results are summarised in Table 1. The conclu-
sion to be drawn from this study is that a ballast prism
consisting of two layers of different particle sizes has a
higher shear strength and load-displacement modulus
than a ballast of the same particle size.

Limestone ballast

Estimates of elastic moduli from triaxial tests of
limestone ballast are given in [19]. The results were ob-
tained on test pieces of five sizes. Test peices L-2.36 con-
sisted of 2.39-4.75 mm ballast particles; L-4.75 had bal-
last particle sizes of 4.75-9.5 mm and L-9.5 had ballast
particle sizes of 9.75-19 mm. The following formulas
can be proposed to determine the parameters required
for the estimation of the modulus E , as a function of
the particle size

n=0.5624D°15%5, R =0.403;
1gK = 4.102D°%%4, R =0.619,
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Strain and initial modulus values of the granite ballast

Av-erag? glameter Pressure, kPa
particle diameter, mm
50 40 55

50 90 55
50 140 81
20 40 33
20 140 228
20 240 =
20 (1/3 of the volume) 40 72
20 (1/2 of the volume) 40 71
20 (1/2 of the volume) 90 —
20 (2/3 of the volume) 40 44
20 (1 layer) 40 36
20 (2 layers) 40 46
20 (1 layer) 90 =

where R is coefficient of determination; D — average
particle size. Note that the values of n obtained in the
tests are higher than those predicted by Hertz contact
theory (n = 0.333).

To estimate modulus E, of dry ballast depending on
particle size the following values were obtained

n =0.6006D°°%, R=0.938;
IgK = 3.5065D%%°, R =0.708.
The following parameter values are proposed for
determining the E_, secant modulus
n=0.7045D°1% R =0.532;
IgK = 3.2719D%%1 R = 0.655.
These parameter values are close to those proposed

in [18], where n = 0.5 and IgK = 3.61 are valid for almost
all ballast particle sizes.

Basalt ballast

The values of elastic moduli of basalt ballast ob-
tained experimentally in [19] are given in Table 2. The
dimensions are the same as for limestone at the same
value of volumetric compression pressure.

Dependence of the initial tangential modulus pa-
rameter E; of dry ballast on particle size

n=0.381D%%%, R =0.403;
IgK = 0.0057D +4.0099, R=0.771.

TRANSPORT INFRASTRUCTURE

E_,MPa E ,MPa E_,MPa
107 cycles 103 cycles 10 cycles
292 323 358
354 377 388
302 388 489
563 672 737
1327 1533 1596
251 298 305
280 303 364
368 411 466
234 297 293
207 219 267
186 236 256
282 300 321

On some mechanical characteristics of the ballast in assessing the stress-strain behaviour

of railway tracks

Table 1

E ,MPa
10° cycles

368
401
529
818
1949
370
376
493
394
287
299
345

Similar parameters for the secant module E_;

n=0.9647D°473, R =0.835;

IgK = 0.4505D + 3.0307, R =0.857.

Parameters of module E, of the dry ballast

n=0.1794D°2%, R =0.964;
1gK = 4.763D9%4, R =0.924.

Table 2

Elastic modulus values of basalt ballast

Dimen- | Pressure
siontype | o, kPa

B-2,36 35

70

105

B-4,75 35

70

105

B-9,5 35

70

105

Initial

modulus E,,
kPa

4.58 x 10*
5.76 x 10
7.32 x 10
4.72 x 10*
5.49 x 10*
7.33 x 10
5.76 x 10*
7.59 x 10*

9.42 x 10*

Secant

modulus E,,

kPa
2.71 x 10
4.24 x 10
4.57 x 10
2.44 x 10
3.71 x 10
4.25 x 10
5.11 x 10
5.92 x 10

6.81 x 10*

Unloading-

loading module

E,,kPa
104 % 10°
120 % 10°
139 % 10°
106 X 10°
128 X 10°
145 X 10°
110 X 10°
162 X 10°

1.64 X 10°
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Data for basalt in [19] and [21] differ from each
other with the number of load cycles 102 but the dif-
ference is insignificant. Possible divergences are ex-
plained by different origin of the material and different
types of its processing as well as by the fact that parti-
cle sizes in [21] ranged from 16 to 53 mm. Therefore, a
mixture of pre-compacted particles with different sizes
was tested. The data of [21] are based on a higher num-
ber of loading cycles than in [19] and therefore have a
significance of their own. Before the values of elastic
moduli can be used in practical calculations, ballast
test pieces must be tested in facilities which allow for
the triaxial stress state.

The tests [19] of the pieces exposed to water at pres-
sures of 35, 70 and 105 kPa showed that the values of
elastic moduli of dry test pieces are 25 % less than the
corresponding values of wet test pieces.

CONCLUSION

The values of elastic initial modulus and secant
modulus of ballast of basalt are larger for ballast par-
ticle sizes of 4.75-60 mm than for ballast of limestone.
The difference can be regarded as insignificant. The
modulus values increase with ballast particle enlarge-
ment in the above size range.

Vladimir I. Smirnov, Sergey A. Vidyushenkov
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The loading-unloading modulus of limestone is
slightly higher than that of basalt. Both materials have
similar moduli values when the same particle size is
used. This conclusion is based on tests up to 5 - 10*load
cycles. Additional research with 5 - 10°loading cycles is
necessary for final conclusions.

Increase of ballast particles size in above range
of values results in corresponding increase of elastic
moduli.

The above expressions for initial and loading-un-
loading modulus values depending on ballast particle
size are valid within 50 % confidence limits and for the
estimation of final modulus within 100 % confidence
limits.

The values of elastic moduli of dry ballast are on
average 25 % lower than those of wet ballast.

Double ballast of different particle sizes has higher
shear resistances and load-displacement modulus va-
lues than single-layer ballast of the same particle size.

There are limited databases available in the public
domain on research into the elastic moduli of ballast
of different materials in relation to particle size. There
are differences between domestic test rules and GOSTs
and foreign ones. Therefore, the above moduli values
require experimental confirmation by testing the type
of ballast which is to be used in practice for track con-
struction.
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ABSTRAC There are many factors that influence the process of organising train movements, quality radio communica-
tion being one of the most important.

The intelligibility of the dispatcher’s commands to the driver is important in deciding what action to take, and in informing
the dispatcher of the train situation on a particular section of the track.

Sources of radio interference that have an interfering effect on the quality of the train radio signal are natural and artificial
interference. The sources are mainly low-frequency interference. One of the constant sources of high-frequency emissions that
affect stable operation of train radio communications refers to discharges generated in the high-voltage insulation of power
lines, including discharges generated in the insulation of overhead wires.

Spark discharges, the source of radio interference, occur both on the surface of the insulator (usually called surface partial
discharges (SPD)) and inside the insulation (such discharges are called partial discharges (PD)). In the operation of high voltage
insulation, those insulators that contain PD and PPD are called defective insulators. PD and PD diagnostics are carried out twice
a year by means of a laboratory car. Discharge registration is performed in the visible and ultraviolet range. There are acoustic
methods for registering PD and SPD. It is proposed to register discharges in the electromagnetic frequency range.

For prompt detection radio interference, it is recommended to place antennas on the laboratory car,and combine measure-
ments with current diagnostics of high-voltage insulation, that will allow increasing reliability of the results received in the
course of diagnostics. To increase the accuracy of radio interference source detection, two antennas are considered to be placed
on the laboratory car.

KEYWORDS. radio interference; high voltage diagnostics of overhead line insulation; train radio communication;
» partial discharges; and surface partial discharges
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AH HOTA I/] Ha npouecc opraHvsaumm gBMXKEHUS NOe3A0B BAMUSET MHOXECTBO (PAaKTOPOB, Ka4eCTBEHHAs PaAMOCBS3b
I.L SBNSETCS OAHUM U3 BaXKHEMLLIUX.

Pa360opunBOCTb KOMaHA, AUCNETHEPA, HAaNPABNEHHbIX MALLUMHUCTY, BaXKHA A1 NPUHSTUS PELLEHUS O KaKMX-MBO0 ero AenCTBuUSX,
a TaKxke Npy MHPOPMUPOBAHMM JMCNETHEPA O MOE3[HON CUTyaL MM Ha KOHKPETHOM Y4YacTKe XeNe3HOW AopOoru.

McToYHMKaMmM pafmonomex, 0KasbiBaLWMX MeLlatollee BO3AENCTBME Ha KAYeCTBO NOIE3HOMO CMrHaNa NOE3AHONM PaAnNOoCBS3H,
CNYXKaT ecTeCTBEHHbIE U UCKYCCTBEHHbIE MOMeXW. B 0CHOBHOM MCTOYHMKM BbIpabaTbiBAOT HU3KOYACTOTHbIE MoMexU. OAHUM 13
MOCTOSIHHO [EeMCTBYIOLMX MCTOYHMKOB BbICOKOYACTOTHOTO M3/1y4YeHMS, OKa3blBaOLMX BAUSHMUE HA YCTOMYMBYIO paboTy noe3nHon
panMoCBS3U, IBNAIOTCS pa3psabl, BOSHMKAOLWME B BbICOKOBONLTHOM M30MSALMM IMHUIA 3N1eKTponepeaayn, B TOM Yucne paspsaibl,
obpasyiolmecs B U3019UMMU KOHTaKTHOWM CETH.

MckpoBble pa3psabl — UCTOYHMK pafmonoMex — 06pasyloTcs Kak Ha MOBEPXHOCTM M30N5aTopa (Kak MpaBuIo, X Ha3biBAOT
NOBEPXHOCTHBIMM YaCTUYHbIMK pa3psaamm (MYP), Tak 1 BHYTPeHHeN TosLLe M30NSUMK (Takne pas3psaabl Ha3blBAOTCH YAaCTUYHBIMU
paspsaamu (4P)). Mpu akcnnyaTauum BbICOKOBONBTHOW M30MLMK T U30NSTOPbI, KoTopble cogepxaT YP u MYP, HasbiBatoT fedek-
THbiMK. InarHoctuky YP v MYP npoBoasT ABa pasa B roj NocpescTBOM BaroH-nabopatopun. Perncrpaumio paspsaoB BbiMOAHSIOT
B BUAMMOM M ynbTpaduroneToBoM ananasoHe. CylwecTByoT akycTuyeckme metonbl peructpaunm YP u MYP. Mpennaraetcsa pern-
CTPMPOBaTb pa3psfbl B 3/1EKTPOMArHUTHOM YacTOTHOM [Mana3oHe.

[lns onepaTMBHOCTM BbISIBIEHUS PaAMONOMEX aHTEHHbI PEKOMEHAYETCS pa3MeCcTUTb Ha BaroHe-1abopaTopun, a U3MepeHns
COBMECTUTb C [ENCTBYHOLLEN AUATHOCTUKOM BbICOKOBOIBTHOW M30ASLMM, YTO MO3BOJIUT NOBbICUTL JOCTOBEPHOCTL MOYHEHHbIX BO
BpeMs AMAarHOCTUKM pe3ynbTaToB. [Ins yBeNnMYeHns TOYHOCTM OonpeneneHns UCTOYHMKA paAnonoMexn Ha BaroHe-nabopatopum

pacCMaTpuBaeTCa pa3melleHne ABYyX aHTEHH.

K/IOYEBBIE C/10B

» PaamnonomMexu; BbICOKOBOJIbTHaA AMArHOCTUKa N3014umm KOHTaKTHOM CeTU; noe3gHas paano-
» CBA3b; YaCTUYHbIE pa3paabl; NOBEPXHOCTHbIE YaCTUYHbIE pPa3paabl

[na umutuposanua: KyyeHko C.M., PykasuwHukose H.U., Esdokumosga O.I., Kypbaros XK.@. Cnocob obHapy>eHWs UCTOUYHUKA paano-
nomex, BIMAIOLMX Ha paboTy noe3aHoM pafmocsssm B amanasone 2,13 u 2,15 Ml // TpaHcnopt BPUKC. 2023.T. 2. Boin. 2. C7. 4.

https://doi.org/10.46684/2023.2.4.

INTRODUCTION

The intelligibility of speech in train radio operation
is essential, so it is important to ensure that this criti-
cal form of dispatch communication remains up and
running at all times. However, there are a number of
factors that interfere with the smooth operation of the
train radio communication. Such analysis is given, for
example, in work [1].

One of the main causes of radio interference source
are partial discharges (PD) and surface partial dis-
charges (SPD) [2-4]. Attempts have already been made
to localise the source of interference. Such a possibil-
ity has been considered in [5]. Earlier studies [6-10]
have determined that diagnostics should be performed
in the frequency range of 1 to 80 MHz. It is expedient
to make the antenna with the necessary radiation pat-
tern and necessary geometrical parameters at frequen-
cies from 20 MHz, as the antenna receiving signals at
frequency of 2 MHz, will have the sizes, considerably
exceeding the dimensions of the car roof.

Although several methods have been developed to
detect defective insulation [6-9], there is a problem of
missing defective high-voltage insulators when per-
formed by the existing diagnostic methods. The paper
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proposes to combine the most common optical method
of diagnostics by means of an ultraviolet camera in-
stalled in a specialized laboratory car with PD and SPD
registration by means of antennas, because PD and
SPD are the primary electrophysical process deter-
mining technical condition of high-voltage insulation.
Using two diagnostic techniques (optical and electro-
magnetic) will increase the reliability of faulty insula-
tion detection, ultimately increasing the probability of
detecting sources of interference.

A different solution to this problem is to use GSM-R
(GSM Railway) standard, which has been specially de-
veloped for railways, in conjunction with equipment
included in the European Train Control System, as in
European countries, for example. DMR radio standard,
which operates at 160 MHz, is also being intensively
implemented. DMR, like GSM-R, is less susceptible to
interference from electrical equipment than the 2 MHz
RRS standard existing in most sections. Mass applica-
tion of DMR, GSM-R, as well as LTE standards on the
networks of “Russian Railways”, OJSC would signifi-
cantly improve the quality of radio communication,
reduce level of interference, but implementation is
cost and time effective. At organisation of radio com-
munication on standards GSM-R and DMR there are
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Fig. 1. Appearance of the traveling wave dipole

equipment failures [11, 12], for example, related to in-
terference of waves, demanding equipment reloading.

At indisputable advantages of digital radio com-
munication before analogue radio communication at
the present time in operation on a network of “Russian
Railways”, OJSC there is a RRS working at frequencies
of 2.13 and 2.15 MHz. In the following the issues of in-
terference detection in this frequency range will be
considered.

ANTENNA MODELLING

In order to automate and jointly conduct measure-
ments in order to reduce operating costs for diagnos-
tics, it is proposed to locate the recording equipment in
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the contact network, automation and communication
control car. Radio interference caused by insulators
and various fittings of the contact network is supposed
to be recorded by a digital oscilloscope by means of an-
tennas [5].

It is known that radio interference has an interfe-
ring effect on the operation of radio communications
in a wide frequency range. Under the influence of such
interference fall radio stations operating at frequencies
2.13 and 2.15 MHz. One of the main sources of radio
interference are discharges (PD and SPD) arising in the
high-voltage insulation of railway contact lines. Gene-
rally, PD and SPD are recorded between 1 and 100 MHz,
so the antenna has to operate in this frequency range.
Previously, a method [13] was proposed to carry out
diagnostics by means of electromagnetic registration
of signals that occur in the high-voltage line insulation
of an AC contact network. This patent defines a method
for recording such signals up to 80 MHz. This frequen-
cy range is the basis for the further choice of antenna.

As a prototype antenna, a traveling wave dipole de-
signed with MMANA-GAL basic software [14, 15], which
operates in the frequency range from 2 to 33 MHz, the
appearance is shown in Fig. 1. In order to make calcula-
tions in MMANA-GAL basic easy, a typical variant was
chosen from those proposed in this software product.

The radiation pattern and parameters of the select-
ed travelling wave dipole are shown in Fig. 2. All data
are shown for a frequency of 3.55 MHz. The choice of
frequency is due to the proximity to the operating fre-
quency of RRS — 2.13 and 2.15 MHz.

[2+80¢a

H-polarisation

V-polarisation

Ga: 0.18 dBi = 0 dB (H-polarisation); F/B: —1.28 dB; rear azimuth 120 degrees, elevation 60 degrees;
F: 3.550 MHz; Z: 302.171+j161.581 Ohm; SWR: 1.7 (300 Ohm);

Elevation degree: 90.0 degrees (real ground height = 10.00 m); for zenith angle 45.0 degrees,

gain = -1.9 dBi

Fig. 2. Radiation pattern and parameters of the traveling wave dipole

TRANSPORT INFRASTRUCTURE
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B+80da

H-polarisation V-polarisation
Ga: 1.94 dBi = 0 dB (H-polarisation); F/B: 0.00 dB; rear azimuth 120 degrees, elevation 60 degrees;
F:20.000 MHz; Z: 219.807-j64.736 Ohm; SWR: 1.5 (300 Ohm);
Elevation degree: 20.9 degrees (real ground height = 10.00 m)

Fig. 3. Antenna radiation pattern after scaling

B e K —
N 0 \T/, ~
N, *
Yy Antenna 1 Antenna 2
i
§ ____________
<] Measunng
2 device
>< L —
Antenna 1
— 1 Measuring ——
device —‘
Antenna 2
Legend
LN M *—J — Antenna to be designed
Measuring

— Measuring device consisting of a digital dual channel oscilloscope and two

device P .
oscillating circuits, one per either channel

— Work parlour

Fig. 4. The layout of the antennas on the roof of the laboratory car

The geometrical dimensions of the antenna (length
700 mm, width 320 mm) in the range from 3 to 33 MHz
do not allow placing it on the roof of the laboratory car.
It was noted earlier that PD and SPD are recorded in a
wide frequency range, so we use the scaling function
in the MMANA-GAL basic program, e.g. at 20 MHz. In
this case it is necessary to enter a value of 20 MHz
in the software, which results in a change in the radia-
tion pattern and a reduction in the size of the antenna,
maintaining the correct proportion between the an- Fig. 5. Determining the antenna width

TRANSPORT INFRASTRUCTURE 4
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B+80da

H-polarisation

V-polarisation

Ga: 0.67 dBi = 0 dB (H-polarisation); F/B: 0.00 dB; rear azimuth 120 degrees, elevation 60 degrees;

F:20.000 MHz; Z: 238.480-j88.112 Ohm; SWR: 1.5 (300 Ohm);

Elevation degree: 43.0 degrees (real ground height = 5 m)

Fig. 6. Antenna radiation pattern at a height of 5 m

tenna elements. Fig. 3 shows the radiation pattern and
parameters of the antenna at 20 MHz.

Next, the height of the antenna to be installed on
the roof of the laboratory car must be determined
(Fig. 4). To do this, set the height of the antenna loca-
tion in the software.

The mounting height of the antenna should be ta-
ken from its width, which is determined by the Z coor-
dinate, as shown in Fig. 5. The vibrator is located at the
origin of the coordinates. The width h of the element
highlighted in red is 320 mm.

The height of the antenna is the sum of the follo-
wing values: height of the laboratory car — 4350 mm;
half of the antenna width — 160 mm; height of the
antenna installation — 500 mm, provided that the an-
tenna elements do not touch the roof of the car. To-
tal height of antenna location will be 5010 mm. For
the calculations in MMANA-GAL basic a height of
5000 mm is assumed. The parameters and the radia-
tion pattern of the antenna at a height of 5000 m are
shown in Fig. 6.

ANALYSIS OF THE FINDINGS
AND CONCLUSIONS

In order to finally determine the working frequency
range of the antenna, a study of the standing wave ra-
tio (SWR) in the frequency range from 20 to 70 MHz is
required. Using MMANA-GAL basic software product,
a plot of SWR versus operating frequency can be plot-
ted (Fig. 7).

TRANSPORT INFRASTRUCTURE

According to the graph, the SWR varies from 1.25 to
1.5 in the frequency range 20 to 32.5 MHz; from 1.5 to
2 in the frequency range 35 to 67 MHz. Above 67 MHz
there is an increase in SWR above 2. From the above
parameters, it follows that this antenna satisfies the
optimum range of SWR, which is 1.05 to 2 only in the
frequency range 20 to 67 MHz.

For further analysis of the antenna pattern varia-
tion in the investigated frequency range, it is necessary
to study the shape of the radiation pattern in the fre-
quency range from 20 to 70 MHz.

Since, according to the calculated data (Fig. 8), there
is an increase in the antenna gain relative to the iso-
tropic radiator Ga with increasing frequency, it can

A SWR

2.25

Bw 16256.3 kHz (SWR < 1.5)
Bw 109994.2 kHz (SWR < 2.0)
2.0 =

o /S~
/

1.5 /

1.25 >
20.0 32.5 45.0 57.5 70.0
f, MHz

SWRon Z:300.0

Fig. 7. Graph of the SWR dependence on the operating
frequency
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Fig. 8. Antenna radiation pattern in the frequency range from 20 to 70 MHz at a height of 5 m

be concluded that the antenna gain improves with in-
creasing frequency.

CONCLUSION

The analysis of the plot of dependence of SWR on
operating frequency (Fig. 7) and change of antenna
gain Ga (Fig. 8) allow finally establishing the operating
frequency range of the selected antenna — from 20 to
67 MHz.

In order to ensure precise location of the radio in-
terference source it is necessary to place two antennas
on the roof of the laboratory car (Fig. 4).

Having analysed the radiation patterns of the an-
tennas in Fig. 6 and 8, it can be concluded that it is

necessary to take it into account when installing the
antenna directly on the roof of the laboratory car.

Increased accuracy of measurements is planned
to be achieved after conducting additional stu-
dies of real sources of radio interference emission.
Based on the results of the study, it is assumed that
there is a need for additional modelling of antenna
parameters, not excluded the correction of its type
variant.

Practical application of the antenna will require
consideration of the rigidity of the antenna mount and
measurement scheme to protect personnel and equip-
ment against induced voltages. In addition, considera-
tion should be given to the referencing of the measure-
ment results to the path coordinate for the location of
the radiation source.
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ABSTRAC Improvements in locomotive wheel-motor unit (WMU) design over the last decade have been made in terms

of the transition to rolling motor-axle bearings (MAB) instead of plain bearings, which was the basis for the
proposed study. The study is aimed to provide a theoretical estimation of power losses in different types of locomotive WMU
MAB and its validation depending on heating temperature and bearing specifications. The study is aimed to determine power
losses in MABs using new approaches to their determination.

New methods of determining the power losses in the plain and rolling MABs of locomotive WMUs are suggested.

These methods allow calculating the values of power losses depending on the specifications of MAB and its heating tem-
perature. Depending on the bearing heating temperature, recommendations are provided with regard to operating conditions
of a particular type of locomotive WMU bearing. It is recommended to operate motor-axle plain bearings in the temperature
range of 10 to 20 °C, and rolling bearings from 20 °C and above.

The suggested methodologies for calculating power losses of locomotive WMU MABs can be used to determine the energy
efficiency of a given drive type, taking into account the type of the grease, its temperature, design features and operating condi-
tions. The obtained results can serve as recommendations for the selection of the type of MAB.

KEYWO RD . motor-axle bearing; axial oil; dynamic viscosity; friction coefficient; traction rolling stock; plain bearing;
.+ rolling bearing; power loss; and wheel-motor unit
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AH HOTA M CoBepLueHCTBOBaHME KOHCTPYKLMK KoNneco-MoTopHoro 6noka (KMB) nokoMoTuBa B nocnegHue fecstb net

I.l OCYLLeCTBNSNOCh B 4aCTV Nepexona Ha MOTOPHO-0ceBble noawmnHuku (MOI) KayeHus BMecTo noaLwmn-
HWUKOB CKOJIbXXEHMS, YTO CTaNo OCHOBAHWEM AN npennaraemMoro uccnenoBanus. Llenb uccneposaHns — Teopetnyeckas oLeHKa
YPOBHS NMOTEPb MOLLHOCTHU B pa3nnyHbix Tunax MO KMB nokoMoTHBOB 1 ee anpobaLyus B 3aBUCMMOCTH OT TEMNeEPaTypbl Harpesa
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N TEXHUYECKNX XapaKTEPUCTUK MOALLNMHNKOB. 3apaum nccnenoBaHua — onpegeneHue notepb MOWHOCTU B MOI1 ¢ ucnonb3oBa-

HWEM HOBbIX MOAXOA0B K MX YCTAHOBNEHUIO.

MpennaratoTcs HOBble METOAMKM OMpeaeneHus notepb MolHocT1 B MOTT ckonbkeHus 1 kaduenns KMb nokoMoTMBOB.

[aHHble METOAMKM NMO3BOJIAKT PACCUUTbIBATh BEJIMUMHBI MOTEPL MOLHOCTU B 3aBUCMMOCTU OT TEXHUUYECKUX XapaKTepUCTUK
MOT1 1 ero TeMnepaTypbl Harpesa. B 3aBUCMMOCTH OT TeMNepaTypbl HAarpeBa NOALUMMHUKA NMPUBOLASTCS PEKOMEHAALMM MO YC/I0BU-
SIM 3KCNayaTaLum KOHKPETHOrO TMNa noalwmnHuka KMb 1okoMoTrBa. MOTOPHO-0CEBbIE MOALIMIHUKU CKONbXXEHWUS PEKOMEHAYETCS
3KCMyaTMpoBaThb B AManasoHe Temnepatyp ot 10 go 20 °C, noawunHukm kavyerums ot 20 °C u Bbiwe.

MpennoxeHHble METOAUKM pacyeTa notepb MolHocTM MOIM KMB n0KOMOTUMBOB MOTYT GbITh MCMO/b30BaAHbI 4151 YCTAHOB/IEHUS
3HepreTuyeckoi 3HEKTUBHOCTM JAHHOMO TUMA NPUBOLA, MPUHMMAs BO BHMMaHMWE TUM CMa304HOro MaTepuana, ero TeMnepartypy,
KOHCTPYKTUBHbIE OCOBEHHOCTU W YCNIOBUSI €ro 3KCMayaTaumu. [onyyeHHble pe3ynbTaTbl MOTYT MOCIYXUTb PEKOMEHAALMSMU MO

Bbl6opy TMNa MOTI.

Kﬂ |_OL| E B blE Cno BA. MOTOPHO-0CEBOM NOALLIMMHMK; OCEBOE MAC/0; AMHAMMYECKAs BA3KOCTb; KOIPDUUMEHT Tpe-
+ HWS; TATOBbIN MOABMXKHOM COCTAB; NMOAWMMHUK CKOMbXEHUS; NOAWMUMHUK KaueHUs; noTepu

MOLLHOCTH; KONECO-MOTOpPHbIM 610K

[na unutupoeauuna: Ocunos A.B., Kypunkur [.H., Xamudoe O.P. TIpuMeHeHne pasnunyHbiX TUMOB MOTOPHO-OCEBbIX MOALIMM-
HWKOB KOJIECO-MOTOPHbIX 6/10KOB T0KOMOTMBOB B paiioHax KpaiHero Cesepa // Tpancnopt BPUKC. 2023. T. 2. Bein. 2. C. 5.

https://10.46684/2023.2.5.

INTRODUCTION

Improvements in wheel-motor unit (WMU) design
in terms of motor-axle bearings (MAB) in the last ten
years have been associated with a transition to rol-
ling bearings [1]. Differences in design and operating
principle between plain and rolling bearings place dif-
ferent demands on the lubricant used and the perfor-
mance of the bearings'.

Operation of locomotives in the Far North in winter
in terms of high negative temperatures affects physi-
cal and chemical properties of the grease [2-5]. In this
regard, the question of energy efficiency of different
types of locomotive WMU MABs in the Far North re-
gions of Russia is relevant.

The purpose of this paper is to provide a theoreti-
cal evaluation of power loss level in plain and rolling
MABs of locomotive WMU and its validation depending
on heating temperature and bearing specifications.

MATERIALS AND METHODS
Calculation methodology for power losses in plain MABs

The methodology for calculating power losses in
plain MABs of locomotive WMU with axle-suspension
was presented earlier [6]. The friction coefficient fin

plain bearings changes with increasing speed accord-
ing to a rather complex characteristic described by the
Hersey-Stribeck diagram?, shown in Fig. 1 [7, 8].

The angular rates of transition from dry friction
0y, 10 semi-liquid friction and from semi-liquid fric-
tion to liquid friction o, can be determined from the
following ratios [6, 9]

ows| = 4 VAVIN: ) )
3-10° ¢ - dijap - Ivas
VYN A?
Owsy = ) (2)
ImaB 'dl%/lAB B[ So]
where F is radial load on the MAB, N; [ .. is MAB

r MAB MAB
insert length, m; d, , . is diameter of MAB shaft journals,

m; [S,] is dimensionless Sommerfeld number.
According to the works [6-8] in the dry friction
range the coefficient of friction f, , may be taken as
equal to 0.12.
In the area of liquid friction (section 2-3 in Fig. 1),
in accordance with the works? [6] the friction coeffi-
cient f; in plain MAB is

dl(\)/iﬁ% 11(\)/[%; HO'577 0.577
f1= 3’7339—A°“54F0'577 OWs ', 3)
rMAB

where A is diametrical clearance in the bearing.

! Anisimov I.G., Badyshtova K.M., Bnatov S.A. et al. Fuels, lubricants, technical liquids. Product range and application: Handbook.

Moscow, Tekhinform, 1999;596. (In Russ.).

2Voskresenskiy V.A., Dyakov V.I. Calculation and design of sliding supports: Handbook. Moscow, Machine Buidling, 1980;224.

(In Russ.).

3Perel LY. Rolling Bearings: Calculation, Design and Maintenance of Supports: Handbook. Moscow, Machine Building, 1992;608.

(In Russ.).
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Fig. 1. Guersey - Striebeck diagram:
p — dynamic viscosity of the grease (Pa * s); ® — angular speed

of rotation of the shaft (in our case, the wheelset o, rad/s);
p, — average specific bearing load, Pa
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Fig. 2. The results of determining the dynamic viscosity
of different brands of axial oils depending on temperature

In the area of semi-liquid friction, the friction coef-
ficient f;, is determined by
Fop = fi (owsy — ows) + /2 (ows — owsi)
Ows2 — Ows]

4)

The power loss capacity of the plain MAB is calcu-
lated according to the following relationship

AP =F van dMABf(DWS' ®)

MAB

As can be seen from the above dependencies, the
friction coefficient and power loss capacity of the MAB
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is influenced by the dynamic oil viscosity p and the di-
ameter gap A.

The dynamic oil viscosity u depends mainly on the
type of oil used and its temperature. The main require-
ments for physical and chemical characteristics of the
oil in plain MABs of locomotives are defined according
to GOST 610-2017.

The dependence of the dynamic viscosity of these
oils on the ambient temperature was determined ana-
lytically have been determined in the work?, as shown
in Fig. 2.

Calculation methodology for power losses in rolling MABs

Friction loss capacity of the rolling MABs is deter-
mined by

2
APyiaB = Zl AM iR Owss (6)
[:

where AM,, .. is friction loss moment in one of the roll-
ing bearings.

According to the publication?, friction torque in the
rolling bearing can be calculated according to the fol-
lowing relationship

AM,,,, =AM, . + AM,

MABO MAB1’ (7)

where AM,, .,
ing type; AM,,, .,
bearing load.

Considering the lubrication conditions, one of the
dependencies is used at vo,,, > 209

2/3
30 2/3
j DgMAB(mws)/ )]

T

is friction loss torque depending on bear-
is friction loss torque depending on

AMyiago =107 fo (V

at vo,, < 209
AM

MABO

=160 107D, ©)

where f; is coefficient depending on bearing type and
lubrication conditions; v is kinematic viscosity of the
grease, mm?/s; D is average bearing diameter.

In equations (8) and (9) the torque value is obtained
in Nmm.

Spherical roller double row bearing 23048/W33 and
radial single row bearing 20-7032148 are used as roll-
ing MABs on locomotives* [2, 9, 10].

We will find the average diameter of the rolling
MAB according to the equation

l(d +D

OMAB = 2 MAB MAB)’

D (10)

where d,,,, is bearing inner diameter; D
outer diameter.

wap 1S bearing

42TE25KM mainline freight double section diesel locomotive. Operation manual. Part 1. Technical description. MC BMBP, CJSC,

2015;153. (In Russ.).
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Substituting the bearing dimensions into equation
(10), we will obtain:

Dyas = 0,5 - (240 + 360) = 300 mm.
According to the paper?, for a spherical roller dou-
ble row angular contact bearing the coefficient f| is
4 to 6 and for a single row radial roller bearing the
coefficient f; is 6 to 12.
Friction loss torque depending on bearing load
is determined on the basis of the ratio®

AMMABl = f;(gIP)DO’ (11)

AM.

MAB1’

where f; is coefficient depending on bearing type and
degree of loading; g, is coefficient depending on the
ratio between the radial and axial loads borne by
the bearing.

Coefficient f,, included in the equation (11), accor-
ding to the data® can be taken as equal to f, = 0.0005 for
the rolling MABs used.

The coefficient depending on the ratio of the radial
load to the axial load taken by the bearing is deter-
mined by the ratio

g, =PF, 12)

where F_ is radial load on the bearing.

The radial load on the rolling MAB is taken as equal
to the radial load on the plain MAB.

Consequently, the values of the torque components
AM,,, ., on both supports will be equal and calculated
according to the following relationship

AM,,,, = fF..,..D 13)

M. rMAB~ OMAB*®

Substituting these results into the equation (6), we
will obtain the following relationship for determining

power loss in a rolling MAB: at ve,,, > 209
APyipp =
30 3 2/3
0.1(fy + f5)lv— 1D + 14
_ (/o fo)(" - ) omas (©Ows) ows, (14)
+2fiFmasDomas

at vo,,, <209

16(f’+f")D3 +}
APyap = 0 +Jo)Domas T o0 (15)
VAP L 2 fiFamasDomvias WS

Given the design features of WMU with rolling
bearings [10], the coefficients f, and f,” mean that their
values are different for the bearing supports.

The characteristics presented (14), (15) show that
the change in power loss capacity in a particular roll-
ing MAB depends on the angular rotation speed of
the wheelset o, and kinematic viscosity of the min-
eral oil.

As an example, let’s take LOCOLIT rolling bearing
grease by “TITAN-SM”, LLC. This type of grease is used
in the range of operating temperatures from -50 to
+150 °C.
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1,000 A
-40 -20 0 20 40 60 80 100

Fig. 3. Kinematic viscosity of LOCOLIT grease for rolling
bearings as a function of temperature

The values of the kinematic viscosity at different
temperatures are determined according to Walter’s
empirical formula [9]

1g0g(v, + ©)) = a + b1g(D); (16)

where v, is kinematic viscosity of the liquid at a given
temperature, cSt; a, b, ¢ are coefficients which are con-
stant for a given liquid type; T is liquid temperature, °K.

Using dependence (16), kinematic viscosity values
in the range of operating temperatures from -50 to
+100 °C were determined (Fig. 3).

RESULTS OF THE STUDY

Calculation of power losses in different types
of locomotive WMU MABs

WMU plain MABs used on diesel locomotives
2TE116, 2TE116U and 2TE25KM (with motor-axle plain
bearings) have the following main dimensions:

e [,.— MAB insert working length — 0.262 m;
e d,,,— shaftjournal diameter — 0.215 m.

Given the unladen weight of the WMU of 5.8 t [11],

the radial load per bearing can be taken as equal
F L. 5.8-10%-9.81 =28 450 H.

rMAB = 2

Using dependencies (1)—(5) and the values of the
dynamic viscosity p of the axial oils according to GOST
610-2017, the results of the calculation of the power
loss in plain MAB using C grade oil at -10; 0; 10; 20 °C
and various values of the diameter clearance are pro-
posed A.

Specifications of rolling bearings of locally pro-
duced WMUs used in TEM18DM, 2TE116U, 2TE25KM
locomotives are presented above. Using dependencies
(14) and (15), let’s determine power losses in rolling
MABs at different heating temperatures. Calculation
results are given in Fig. 8.
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Fig. 4. Change in power loss in plain MAB at different values
of diameter clearance and temperature -10 °C
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Fig. 6. Change in power loss in plain MAB at different values of
diameter clearance and temperature of 10 °C

Power loss analysis of motor-axle bearings

Calculation results for plain MABs show that power
losses vary widely, are increased at increase of sub-ze-
ro temperature and can reach 10-17 kW in the speed
range of 75-90 km/h (Fig. 4). Fig. 6, 7 show power losses
at heating temperatures 10; 20 °C, where stepwise in-
crease of power losses in a range of speeds 0-70 km/h
it is observed, thus the higher temperature of heating
the wider range of speeds is. The calculation of the ene-
rgy efficiency of plain bearings (Fig. 4-7) confirms the
influence of the diameter clearance A and heating tem-
perature on the power loss [12].

A determination of the power loss of a rolling MAB
as a function of the heating temperature is shown in
Fig. 8. In the speed range of 20 to 40 km/h, the losses
are up to 20 kW at different temperatures. At a heating
temperature of —10 °C after 40 km/h, the power loss is
increased significantly.
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Fig. 5. Change in power loss in plain MAB at different values
of diameter clearance and temperature of 0 °C
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Fig. 7. Change in power loss in plain MAB at different values
of diameter clearance and temperature of 20 °C
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CONCLUSION AND DISCUSSION

The following conclusions can be drawn from the
above:

e The dependencies shown in Fig. 4-7 allow conclu-
ding that the most effective operation of plain bea-
rings must be carried out with the minimum diam-
eter clearance permitted by the standard technical
documentation and heating temperature range
from 10 to 20 °C;

e Anincrease in the heating temperature of the plain
bearing leads to a reduction of power loss in a wide
speed range, as shown in Fig. 4-7;

e (Calculation results for rolling MABs showed, that
increasing heating temperature reduces power
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losses, thus operation of these bearings is most fa-
vourable at low speeds and positive heating tem-
perature from 10 to 20 °C;

e The use of plain MABs improves the energy ef-
ficiency of WMU compared to rolling bearings
when operating in the temperature range from 0
to 10 °C.

This paper was executed within the framework of

a grant from “Russian Railways”, OJSC for the develop-

ment of scientific and pedagogical schools in the field

of railway transport.

This article is a prerequisite for further research
into different types of WMU MABSs in terms of their
thermal balance issues.
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ABSTRAC The effect of aerodynamic factors on the rolling stock and railway infrastructure has been analysed. The

formation of air mass structure in tunnel structures during the movement of high-speed rolling stock has
been investigated. The processes of aeroelastic interaction of rolling stock with tunnel portal structures are analysed by means
of numerical simulation. The description of mathematical models and the ways of their three-dimensional realization in the
Solid Works Flow Simulation software complex are presented. Methods of finite elements and volumes for the solution of the
set tasks are used. The results of the numerical research of velocity fields near the tunnel portal area obtained with the help of
the developed mathematical models for the cases of entry and exit of the rolling-stock into the tunnel are given. The complex
structure of air masses formation in the gap between the train body and tunnel lining which leads to increased resistance to the
train movement in the tunnel is revealed. The patterns in the changes of pressure dynamics on the surface of the head fairing
when the train enters the tunnel are found. The fact of negative effect of high and low pressure zones, as well as their abrupt
difference, on the locomotive crew and passengers has been established.

KEYWO RDS. aeroelastic interaction; rolling stock; boundary layer; turbulent regime; pressure; air mass velocity; and
+ structure of disturbed air medium

For citation: Karimov D.D., Vatulin Ya.S., Vorobev A.A., Bogdanov N.V. Particularities of the formation of the air masses structure
in the tunnel during the train movement. BRICS transport. 2023;2(2):6. https://doi.org/10.46684/2023.2.6.
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AH HOTA M BbinonHeH aHanu3 BANSAHUS a3poanHaMmyecknx GakTopoB Ha noaBmkHoM coctas (1C) 1 xxenesHonopoXx-

I.I, HYH MHDpacTpyKTypy. lpoBeaeHo uccnenosaHne GopMMUPOBAHUS CTPYKTYPbl BO3AYLUHbIX MAcC B TOHHENb-
HbIX COOPYXXEHMUAX NpU ABMXKEHWUM BbiCOKOCKOpPOCTHOro [MC. MpoaHanu3npoBaHbl NpoLecchl aspoynpyroro B3ammonencrams MNC
C MOPTasibHbIMU COOPYXKEHUSAMU TOHHENEN C NMOMOLLBI YMCIEHHOTO MOAeNMpoBaHus. MpencTaBieHo onMcaHue MaTeMaTUYecKux
mogzenen n cnocobbl MX peanmsaLmu B TPEXMEPHOM NOCTaHOBKe B nporpaMMHoM komnnekce SolidWorks Flow Simulation. Uc-
NoNb30BaHbl METOAbI KOHEYHbIX 3IEMEHTOB U 06bEMOB A1 pPeLeHUs NOCTaBNeHHbIX 3aaaY. [pyuBeaeHbl pe3ynsTaThl YUCTEHHbIX
nccenoBaHUii noner ckopocter B6IM3N NOPTasbHOM 30HbI TOHHENS, MOYYEHHbIE C MOMOLLbID Pa3paboTaHHbIX MaTEMATUYECKMUX
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mopenen ons cnydyaeB Bxonda MC B TOHHENb M BbIXOAA U3 Hero. BbissBNeHa CioXHas CTPYKTYypa 06pa3OBaHl/Iﬂ BO34YyLWHbIX MacC B
3a30pe Mexnay Kopnycom noesna um 06/1enKOM TOHHENS, KOTOpada NnpuBOAMT K NOBbILLEHHOMY CONPOTUBNEHUIO ABMXEHUA NOE34a B
TOHHENE. 06Hapy)KeHbI 3dKOHOMEPHOCTU B UBMEHEHUN ONHAMUKK OABNTEHUA HA NOBEPXHOCTU NOJIOBHOIO obTekatens npu Bbe3ne
noesna B TOHHENb. YCTAHOBNEH (baKT HEratTMBHOro BAUAHUA 30H MOBbIWLEHHOIO U NMOHMXXEHHOIO AaBNeHUA, a TaKXe UX pe3Km71

nepenaj Ha TOKOMOTUBHYHO 6p|4ra,u,y 1 NacCaXXnpos.

Kﬂ |_OL| E B blE Cno BA. aspoynpyroe B3anMOAENCTBME; NOABUXKHOM COCTaB; MOrPaHMYHbIN CNON; TYpOyNneHTHbIN pe-

+ XMM; laBNeHne; CKOPOCTb BO3AYLUHbIX MACC; CTPYKTypa BO3MYLLEHHOW BO3AYLUHOWM Cpeapl
[ins uutmuposanusa: Kapumos A./., Bamynun 4.C.,, Bopobbes A.A., boedarHos H.B. OcobeHHOCTU GOPMUMPOBAHUS CTPYKTYPbl BO3AYLLHbIX
Macc B TOHHene npu ABuxeHun noesna // Tpancnopt BPUKC. 2023.T. 2. Boin. 2. C7. 6. https://doi.org/10.46684/2023.2.6.

INTRODUCTION

The trend in rail transport is to increase the speed
of the rolling stock. The speed of freight and passenger
delivery plays the most important role in today’s dy-
namic world. Increasing train speeds lead to a number
of problems.

One such problem that engineers have to address is
analysing the impact of aerodynamic processes on rol-
ling stock and railway infrastructure. Complex aerody-
namic processes and the movement of large volumes of
air masses can have a major impact on the safety and
efficiency of transport. This problem is particularly sig-
nificant when high-speed rolling stock passes through
tunnels.

The formation of air masses during the movement
of a train in a tunnel is very complex. There are lo-
cal zones of increased and decreased pressure in the
front and tail parts of the train, accelerated air flows
directed towards the train, and also local zones of com-
pression and dilation in the portal part of the tunnel at
the train’s entrance [1, 2].

The physical processes accompanying aeroelastic
interaction of moving rolling stock and tunnel struc-
tures can be considered in detail by numerical simu-
lation.

MATERIALS AND METHODS

When trains move through a tunnel there is a sig-
nificant air pressure drop in the front and tail section
of the train. The pressure drop in the tunnel depends
on many factors such as train speed, air viscosity ki-
nematics, cross-sectional area, the shape of the front
of the train and the shape features of the tail section
[3, 4].

Numerical simulation of the train movement pro-
cess in a tunnel confirms the wave nature of air mass
movement [5]. On road sections where tunnels are
encountered on the track, the moving train causes ac-
celerated compression of the air medium, which leads

VEHICLES AND ROLLING STOCK

to the formation of a compression zone in front of the
train’s fairing. Due to the viscosity of the air, there is
a rarefaction zone immediately outside this compres-
sion zone around the train. This rarefaction zone is
formed in the space between the train and the tun-
nel. Such phenomena have an impact on train safety
and therefore must be taken into account in the design
and operation of railway lines, tunnel design, and in
the design of ventilation and air conditioning systems
inside tunnels. The results are presented as calcula-
tion diagrams made in SolidWorks Flow Simulation
software package using finite element and volume
methods [6].

RESULTS OF THE STUDIES

Stable high-density vortex formations create the
main mechanical resistance to train movement. The
structure of the air medium in the train-tunnel gap is
a system of multidirectional, interacting air medium
flows with layer-by-layer distribution. The thickness of
air medium layers depends on the surface profile of the
train body, flow velocity, viscosity of the fluid medium.
At high density sections the trajectories of air masses
moved by the train take spiral shape [7].

Air flow distributions when a train moves in a tun-
nel at a speed of 200 km/h are shown in the Fig. 1.

The cross-sectional diagram in red shows the veloc-
ity flows of differently directed air masses, with them
in the immediate vicinity of the train, and in the upper
part and troughs in the opposite direction (see Fig. 2, 3).

Particular attention must be paid to the boundary
layer. In the boundary layer there is a transition from
laminar to turbulent air masses. The transition point
is at some distance from the surface edge, with the
higher the velocity, the closer to the leading edge this
point is [8].

The frictional force of the flow on the hull surface
in turbulent mode is several times greater than in lami-
nar mode and is proportional to the velocity gradient
of the viscous medium [9].
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Fig. 1. The trajectory of the movement of air masses in the process of formation of the piston effect
(the tunnel is not shown for clarity)

(7] Tepaigen =
8583 A

Fig. 2. Diagram of the distribution of air flow velocities near the mobile station moving in the tunnel

Fig. 3. Formation of the rotational movement of air masses located in the “train-tunnel” gap and the scheme for the formation
of a vortex structure

The complex surface configuration of the rolling Disruptive vortices form periodically, with their
stock hull slows the airflow at certain points. This con-  centroids tending to gradually shift towards the tail of
tributes to the detachment of the boundary layer and  the train, followed by their collapse (see Fig. 4).
disruption of the flow, which contributes to the forma- For the same reason, a stall vortex is formed at
tion of a rotating vortex. the tail end of the train, which creates destabilising

VEHICLES AND ROLLING STOCK 3



RiiCE TRANSPORT

VOL. 2 ISSUE 2 2023

Dastonbek D--ugli Karimov, Yan S. Vatulin, Alexander A. Vorobev, Nikita V. Bogdanov

Particularities of the formation of the air masses structure in the tunnel during

the train movement

=
wr

e S I N D D o~

T

@5
b

EDRRSYM

Fig. 4. Periodic formation of stall vortices on the side surfaces of the rolling stock

.

Fig. 5. Formation of a stall vortex in the tail section of the train

conditions for the train’s movement (jolting, unsta-
ble behaviour). For rail transport, this problem only
became relevant once certain speed regimes were
reached, especially in tunnel traffic conditions (see
Fig. 5) [10, 11].

It should also be noted that during the movement
of a train in a tunnel, the nature of the structure of the
disturbed air medium varies periodically depending
on the position of the contours of the rolling stock sur-
faces and the tunnel lining. The most characteristic
are combinations of decreasing cross section in the
direction of movement (confusor), and increasing (dif-
fusor).

In such sections, turbulent flow conditions are
formed in the clearance between the train and the
tunnel. Rotating eddies block the free flow of air
masses in this gap and provide additional resistance
to train movement, and therefore lead to an increase
in traction energy costs for the train. This is particu-
larly evident when the train exits the tunnel due to

the interaction of air masses coming from the envi-
ronment into the rarefaction zone behind the tail end
of the rolling stock. This results in a powerful vortex
flow towards the train, increasing the aerodynamic
drag [12, 13].

CONCLUSION

Thus, the formation of both compacted and rare-
fied regions of air masses in the vicinity of train fair-
ings creates conditions of increased resistance to train
movement. The elastic interaction of the vortex struc-
tures discussed above increases the equivalent aerody-
namic resistance to train movement in cramped tunnel
conditions.

The phenomena described above have a negative
impact on the traction energy consumption of the train
as they significantly increase the drag and in addition
cause significant discomfort to passengers.

VEHICLES AND ROLLING STOCK
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INTRODUCTION

Transportation is a system comprising infrastruc-
ture, administration, motorized and non-motorized
vehicles, trains, ships, aircraft and users. Analysis of
the transportation system can take its engineering, eco-
nomics or societal issues.

In Ethiopia, transportation is one of the most essen-
tial sectors with its extended impact in the habitants’
day to day life as well as trade activities and tourism.
More than 100 million people resides in Ethiopia, and
they have the need for mobility in their day-to-day life
such as commuting to and from work, school and other
social interactions.

The country is among the fast-growing developing
countries in Africa having defined targets to achieve in
the coming 10 years. To date, 13 Industrial parks have
been constructed and are operational in different re-
gions of the country [1, 2]. These industrial parks give
priority for the production of textile and apparel, lea-
ther &leather products, pharmaceuticals, Agro-proces-
sing, tourism, ICT and Mining & Energy. These indus-
trial parks are substantial source of foreign currency
for the government; furthermore, their contribution in
job creation for the youth both in their construction
stage and operation stage is significant. Therefore, the
timely transportation of raw materials to these indus-
trial parks and timely delivery of final products plays
major role to the companies’ profits.

Similarly, Ethiopia’s economy is predominantly
dependent on agriculture. Competent mode of trans-
portation is mandatory for transporting these agricul-
tural products both locally and internationally, par-
ticularly for agricultural products that are intended
for exporting.

Being rich with historical assets that goes back
more than 3000 years, Ethiopia is a major tourism des-
tination. It is home to archaeological findings, histori-
cal monuments and natural resources to mention but a
few. Hence, having efficient public and private means
of transport will be a satisfaction to the tourists and
this will increase the number of tourists coming to visit
these destinations. In addition to the evident economic
advantages, this is a guaranteed way of promoting the
good picture of the country globally.

Ethiopia is a multi-cultured country with 11 regions
and 2 chartered cities having more than 80 nations and
nationalities. One of the main considerations for ha-
ving strong social and economic integration between
these regions is the existence of multi-modal transpor-
tation. Furthermore, Addis Ababa is not only the capi-
tal of Ethiopia, but also the capital of Africa. Different
offices of the African Union, including its headquarter,
is located in Addis Ababa.

The main land modes of transport in Ethiopia are
road and rail [3-5].
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Currently, toll roads on expressways are being
adopted and construction of BRT (Bus Rapid Transit) is
planned in the capital city, Addis Ababa.

MATERIALS AND METHODS

Ethiopia’s road network has been improving each
year. As of the end of fiscalyear 2017/18, Ethiopia
had 120.171 kilometres (74.670 miles) of all-weather
roads — about 32 % of the required road network in
the country. In fiscal year 2017/18, the Government of
Ethiopia (GOE) invested 33.9 billion Birr ($1.24 billion)
in road construction. The Ethiopian Roads Authority
plans to build an additional 10,000 kilometres of road
at a cost of 41 billion Birr ($1.5 Billion) during the co-
ming year. In the past fifteen years, the Government of
Ethiopia has been vigorously engaged in new road con-
struction as well as expansion of the existing road net-
work through Ethiopia’s Road Sector Development Pro-
grams (RSDP) (Fig. 1).

During the Growth Transformation plan (GTP)
II period covering 2015/16 to 2019/20, the Govern-
ment of Ethiopia anticipates a further expansion of
the country’s road network to 220.000 kilometres
(136.701 miles). In the past, U.S. firms have bid on ten-
ders for road design, construction and supervision
services. However, most of them have not been price
competitive. Ethiopia will continue to need construc-
tion vehicles (bulldozers, cranes, trucks, and forklifts),
vehicle attachments, and mechanized and non-mecha-
nized equipment to level and pour construction mate-
rials. Most projects open for international competitive
bidding are funded either by the Government of Ethio-
pia (GOE) or major international financial institutions,
such as the World Bank’s International Development
Association (IDA) and the African Development Bank
(AFDB). In the coming years, international and domes-
tic private investors can engage in the Ethiopian road
construction projects (Table).

Ethiopia is aggressively working on building an ex-
tensive rail network. As a landlocked country, Ethiopia
primarily uses the port of Djibouti as a gateway for
the vast majority of its internationally traded goods
(90 to 95 %), with most of the goods essentially trans-
ported to and from the port by trucks. This situation
has made Ethiopia’s trade logistics very expensive and
uncompetitive. Ethiopia’s reopening of diplomatic re-
lations with Eritrea creates the potential for expand-
ed logistics operations via the Eritrean ports of Assab
and Massaewa. The government has plan to connect
Assab (Massaew) (by the railway line Metema - We-
reta — Weldia — Assab) to Sudan via Weldia (Which is
connected by the railway line from Awash — Kombol-
cha - Mekele railway line). In addition, the project vi-
sibility has been studied to Kenay by connecting with
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Fig. 1. Map showing Ethiopia road network

one of the most important railway line Mojo — Moyale
(about 900 km) (Fig. 2).

The Government of Ethiopia (GOE) established the
Ethiopian Railways Corporation (ERC) under the Minis-
try of Transport with a mandate to create a modern na-
tionwide railway network, replacing the Franco-Ethio-
pian railway that is no longer in service. ERC recently
completed a 656 kilometres railway network construc-
tion project that links the capital city Addis Ababa to
the port of Djibouti. This railway expansion project was
carried out by two Chinese companies, State-owned

China Railway Group and the China Civil Engineering
Construction Corporation. The new rail system started
commercial operation in mid-2018. The two Chinese
companies will operate and manage the $3.4 billion
railway line for the next six years as local employees
are trained to takeover in due course.

The other new completed railway line is Awash-
Kombolcha-Hara Gebeya Railway Project, which has a
length of 392 km, initiating from north east of the city
of Awash and arrive to Hara Gebeya (Weldia) through
the city of Kombolcha.

Table

Length of New Highways in Ethiopia by Type of Construction Financing

Unit: Kilometers

Road Network
Total Market Size 113.066 120.171 138.000 150.000
Total Local Production® 60.000 65.000 70.000 75.000
Total Exports
Total Imports™ 53.066 55.171 68.000 65.000
Imports from the U.S.*** 2.000 4,000

Source: National Bank of Ethiopia
“indicates length of road projects carried out by local contractors.
“* indicates length of road projects carried out by foreign companies.

*x%

ECONOMICS OF INTERNATIONAL TRANSPORT AND LOGISTICS: INTELLIGENT AND DIGITAL SOLUTIONS AND PRACTICES

indicates estimated length of road projects that can be constructed by U.S. companies Source: National Bank of Ethiopia
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Fig. 2. Map showing Ethiopia railway network

The Awash-Kombolcha-Hara Gebaya (AKH) Rail-
way Project has a significant importance as it con-
nects the northern and eastern economic and traffic
corridor of Ethiopia. The railway that has been build-
ing will connect the railway lines from Mekele to Hara
Gebeya and then Addis to Djibouti, which is the main
transport corridor for both passenger and freight traf-
fic, and for transport of imported and exported goods
via Djibouti Port. Furthermore, the construction of this
railway will play an active and significant role in con-
necting the northern region of the country with the
central part.

The Awash-Kombolcha-Hara Gebaya Railway Pro-
ject which has a 1,7 Billion USD (is being funded by the
Turkish EX-IM bank and the Swiss Credit Consortium
in addition to direct government spending).

This infrastructure project will significantly im-
prove Ethiopia’s international trade by reducing
traders’ logistical costs and time of delivery. The new
electric railway cuts transport time from Djibouti to
Modjo (a dry port city 70 kilo meters away from Ad-
dis Ababa) from the current 84 hours to just 10 hours.
Cargo capacity on the rail network is 3500 to 4000 tons

ECONOMICS OF INTERNATIONAL TRANSPORT AND LOGISTICS: INTELLIGENT AND DIGITAL SOLUTIONS AND PRACTICES

of freight per train, with ERC anticipating 6 to 7 mil-
lion tons of cargo per year in its first year of operation.
Cargo volume will increase to 10 million tons in the
mid-term.

It is internationally recognized that the Ethiopian
economy is among the fastest growing economy of the
globe. Transport sector is therefore one of the sub ser-
vice Contributor of this Economic growth.

RESULTS AND DISCUSSION

There are problems for the formation of the multi-
modal transport system. They include:

e lack of physical facilities (IT infrastructure espe-
cially in the private sector);

e poor coordination among the sectoral agencies;

e reliance on paper documents, fax, and emails in the
exchange of official information between govern-
ment agencies and the private sector;

e lack fully fledged cargo tracking along the logistics
supply chain;

e less capable of operators;
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e there are close to 7.000 trucks operating on the cor-
ridor to Djibouti. Ownership of the trucking fleet is
in the hands of operators of individual trucks, road
transport companies, and associations of individual
truck owners.

There are potential prospects for the development
of the logistics industry. They include: government
policy, Modjo logistics Hub (MLH) Project, the customs
management system, electronic single window and
other initiatives [6-8].

By the government of Ethiopia, it is well perceived
that, the logistics industry is a critical element for the
Ethiopian economy. Accordingly, the major strategic di-
rections of the government are mainly building the ca-
pacity of the dry ports and enhancing Multimodal Trans-
port system there by improving the logistics service.

The investments in infrastructure at Modjo Dry port
support the facility to achieve three key objectives (as it
is indicated in the WB document):

e to improve the efficiency of processing of current
traffic flows;

e toincrease the capacity of Modjo to process the pro-
jected increasing volumes of trade, including the
interconnectivity between rail and road transpor-
tation;

e to facilitate the transformation of Modjo to become
a logistics hub offering a wide range of logistics ser-
vices to exports as well as imports and to support
diversification into a wider range of higher value-
added exported products.

Ethiopian Revenue and Customs Authority is now
engaged its self to migrate from Assycuda++ system to
the new and the state of the art Customs Atomization
that can Manage:

e air Cargo E-freight including Advance Passengers
Information (API);
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e electronic submission of documents;
e e-payment and other paperless operations.

This Customs Atomization is emplacing based on
the Kyoto Convention General Annex Guide lines.

In order to interface all stakeholders in single
platform an ESW project is undertaking. According-
ly, a business process analysis and re-engineering to
streamline stakeholders’ processes and integrate into a
common electronic Single Window platform is already
Accomplished.

The other projects that enhance the logistics bottle-
necks in general and the multimodal includes, among
other things
e cargo tracking System;

e cargo scanning Machine at every entry point;

e OSBP with neighboring countries to avoid a dupli-
cation of efforts at borders and to harmonize and
simplifying the customs practices.

CONCLUSION

The article considers the importance of transport
for the Federal Democratic Republic of Ethiopia, and
also identifies factors influencing the formation of
variants of the multimodal transport network scheme
based on the methodology of designing the integrated
development of a multimodal transport network. This
will be used to develop the scheme of the multimodal
transport network of Ethiopia [9-11]. The scheme will
become the basis for the formation of a variety of pos-
sible strategies for gradually changing the appearance
and capacity of multimodal transport network facili-
ties and calculating options for the required freight
and passenger flows along the multimodal transport
corridors of Ethiopia.
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